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Domestic wastewater contains chemical energy that is wasted by aerobic biological 
treatment processes, which require energy and maximize solids production. Mainstream 
anaerobic treatment of domestic wastewater has the potential be to the sustainable treatment 
scheme of the future because of the energy generation potential, lower energy requirements and 
reduced solids generation. A concern with direct anaerobic treatment of raw municipal 
wastewater in temperate climates is the effect of the low water temperatures on the organic 
removal rates and process stability. Anaerobic baffled reactors (ABRs) have a simple design, 
decouple hydraulic and solid retention time and provide excellent retention of solids in response 
to load variations. The ABR configuration allows for a naturally occurring spatial separation of 
the microorganisms that perform the sequential steps of hydrolysis, acidogenesis, and 
methanogenesis, in the conversion of complex organics to methane.  Long-term performance of 
psychrophilic ABR systems for raw wastewater is lacking and it is critical to develop the data 
needed for technology adoption by wastewater utilities.  
A four-cell ABR was operated for two years treating raw domestic wastewater at ambient 
water and air temperatures down to 12 ˚C and -10 ˚C, respectively. The 1000-liter pilot reactor 
operated at a 12-hour hydraulic residence time and was located in the Headworks building of the 
Plum Creek Water Reclamation Authority, Castle Rock, Colorado. The two-year pilot study was 
conducted to determine the treatment efficiency of suspended solids and organic matter removal 
and methane production. To improve understanding of microbial dynamics for model 
development and potential diagnostic tools, the relative abundances of bacteria, archaea and 
methanogens were measured in each of the ABR cells and the relationship to conventional 
performance parameters was examined.  
The total suspended solid and organic removals were approximately 80% and 50%, 
respectively; methane production was stoichiometric and no settled solids were wasted over two-
years. The full 12 hours of hydraulic residence time was required to achieve stoichiometric 
methane production from the organic matter removed. The estimated energy content of the 
biogas produced per unit volume of wastewater treated averaged 0.45 kWh/m3 and no energy 
input was required. Acetoclastic species were the dominant methanogens in the latter two cells, 
which also had the highest methane production and acetate utilization. 
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The anaerobic baffled reactor was able to biologically achieve enhanced primary 
treatment of raw municipal wastewater under winter conditions with methane production. 
Anaerobic primary treatment may be incorporated at the front end of an existing facility to 
reduce organic loading to downstream processes, reduce aeration demand, reduce biomass 
production, and increase energy generation. The implementation of anaerobic primary treatment 
in conjunction with anaerobic secondary treatment will significantly reduce solids production 




TABLE OF CONTENTS 
 
ABSTRACT.................................................................................................................................. iii 
LIST OF FIGURES.......................................................................................................................vii 
LIST OF TABLES.......................................................................................................................viii 
ACKNOWLEDGEMENTS...........................................................................................................ix 
CHAPTER 1 1INTRODUCTORY REMARKS …………………………………………………1 
CHAPTER 2   BRIDGING THE ENERGY GENERATION GAP IN EXISTING SMALL  
                        WASTEWATER TREATMENT FACILITIES: A UTILITY MANAGER’S  
                        PERSPECTIVE…………………………………………………………...………4 
 2.1   Abstract ......................................................................................................................................................... 4 
 2.2   Introduction ................................................................................................................................................ 4 
 2.3   Technology .................................................................................................................................................. 5 
     2.3.1  Availability ....................................................................................................................................... 5 
                2.3.2  Technology Complexity ................................................................................................................. 8 
 2.4   Financial ........................................................................................................................................................ 9 
 2.5   Meeting All Permits ................................................................................................................................ 11 
     2.5.1  Effluent Quality ............................................................................................................................ 11 
     2.5.2   Biogas and Air Quality Requirements ............................................................................... 12 
 2.6   Conclusion .................................................................................................................................................. 14 
 2.7    Acknowledgements ............................................................................................................................... 14 
 
CHAPTER 3   ANAEROBIC PRIMARY TREATMENT OF RAW DOMESTIC  
                    WASTEWATER WITH METHANE GENERATION AT COOL  
                    TEMPERATURES…………………………………………………………..…..15 
 3.1   Abstract ....................................................................................................................................................... 15 
 3.2   Introduction .............................................................................................................................................. 16 
 3.3   Materials and Methods ......................................................................................................................... 18 
     3.3.1   Anaerobic Baffled Reactor ..................................................................................................... 18 
     3.3.2   Data Analyses .............................................................................................................................. 19 
 3.4   Results & Discussion .............................................................................................................................. 20 
     3.4.1   Suspended Solids and Organics Removal ........................................................................ 20 
     3.4.2   Methane Production ................................................................................................................. 26 
     3.4.3   SRT and Solids Wasting ........................................................................................................... 30 
     3.4.4   Energy Balance ........................................................................................................................... 32 
     3.4.5   Nitrogen and Phosphorus Removal ................................................................................... 34 
 3.5   Conclusions ................................................................................................................................................ 36 
 3.6   Acknowledgements ................................................................................................................................ 36 
 
CHAPTER 4   MICROBIAL STRUCTURE AND FUNCTION IN AN ANAEROBIC  
                        BAFFLED REACTOR TREATING RAW DOMESTIC  
                        WASTEWATER…………………………………………………………………37 
 4.1   Abstract ....................................................................................................................................................... 37 
 4.2   Introduction .............................................................................................................................................. 38 
 vi 
 4.3   Materials and Methods ......................................................................................................................... 39 
     4.3.1   Data Analyses .............................................................................................................................. 40 
 4.4   Results & Discussion .............................................................................................................................. 41 
     4.4.1   Reactor Performance ............................................................................................................... 41 
     4.4.2   Microbial Data ............................................................................................................................. 42 
 4.5   Summary and Implications ................................................................................................................. 48 
 4.6   Acknowledgments .................................................................................................................................. 49 
CHAPTER 5  PROJECT SUMMARY AND FUTURE DIRECTIONS ........................................................ 50 
 
5.1 Summary .............................................................................................................................................................. 50 
5.2 Conclusions ......................................................................................................................................................... 51 
5.3 Future research recommendations........................................................................................................... 51 
 





LIST OF FIGURES 
Figure 2.1 Conceptual model of the interplay between key barriers for small utilities in 
implementing energy positive anaerobic treatment technology…………………..5 
 
Figure 3.1  Flow and monitoring schematic………………………………………………….19 
 
Figure 3.2  Influent and effluent total suspended solids……………………………………...21 
 
Figure 3.3  Average influent and individual cell effluent organic matter (COD)                         
and  total suspended solids……………………………………………………….22 
 
Figure 3.4  Average net removal of soluble based on the difference of influent                        
and effluent COD for Each cell……………………………………………...…..24 
 
Figure 3.5  Average monthly BOD5 removal…………………………………………..…….25 
 
Figure 3.6  Average gas phase methane production……………………………….…………27 
 
Figure 3.7  Average monthly total gas phase and dissolved methane production……….…..31 
 
Figure 4.1  Flow and monitoring schematic…………………………………………….……39 
 
Figure 4.2  Relative amount of eubacteria over two years…………………………….…..…43 
 
Figure 4.3  Relative amount of methanogen over two years……………………………...…43 
.. 
Figure 4.4  Relative gene abundance of methanogen over time……………………….....….44 
 
Figure 4.5  Relative gene abundance of methanogen over time…………………………..…45 
 
Figure 4.6  Relative gene abundance of methanogens (mcrA) in the Anaerobic                        
Baffled Reactor versus effluent acetate and dissolved COD concentrations….…46 
 





LIST OF TABLES 
 
 
Table 3.1  Performance of anaerobic systems with volume ≥ 1 m3 treating                        
municipal wastewater at psychophilic temperatures……………………….……23 
 
Table 3.2  Operating conditions and dissolved methane in anaerobic ABR, UASB                        
and EGSB reactors……………………………………………………….….…..28 
 
Table 4.1  Correlation coefficient R2 for the comparison of microbial concentration        
measures to operational parameters……………………………………….....…..45 
 





The PhD dissertation of Martha J. Hahn was submitted posthumously from her published 
work and unpublished manuscript. Her work was made possible by her vision and dedication to 
sustainable and clean water with the support of her colleagues (academic and industry), friends 
and family. I am sincerely grateful to have been her advisor, colleague and friend to provide 
academic guidance for her PhD. I know that she would have acknowledged her CSM family for 
their support. She highly respected and valued her committee members, Dr. Tzahi Cath, Dr. 
Junko Munakata Marr and Dr. Matthew Posewitz. She was grateful for her co-authors Dr. 
Pongsak Noophan, Dr. Akihiko Terada, Ms. Supaporn Phanwilai, and Ms. Nutpornnapat 
Sinthusith for their contributions to joint publications. She was grateful for the support of 
department personnel including Dr. John McCray, Mr. Tim Vanhaverbeke, Ms. Angela Knighton 
the late Ms. Juanita Chuven, Mr. Mike Veres, and Mr. Dean Heil. She felt fortunate to have the 
support of her fellow students and researcher at CSM, including Ms. Dottie Ramey, Mr. Andrew 
Pfluger, Dr. Lisa Gallagher, Dr. Robert Almstrand, Ms. Rebecca Erickson, Mr. Urey Chan, and 
Ms. Emily Dattore. 
Martha always observed that her PhD would not have been possible without the support 
of the Plum Creek Water Reclamation Authority family. She cared deeply about her staff and 
they supported her well. She was grateful to all the operation, laboratory and administrative staff. 
In particular, she spoke of Mr. Wes Martin for his support of the pilot-plant construction and 
operation, Mr. Chris Carson for laboratory analysis and data acquisition and Ms. Joanne England 
for administrative support. She always noted that none of her PhD work would have been 
possible without the commitment and support of the PCWRA Board of Directors; she 
specifically noted the continued encouragement and support for her future initiatives by Mr. 
Mark Marlowe (President).  
Martha was devoted to her family and drew great strength and grounding in her family 
interactions.  She treasured the support of her husband Craig Hulburt and her niece Katrina Hahn 
in the difficult journey for her doctorate.   
Martha appreciated the support of the faculty, staff, students and industrial members 
associated with the U.S. National Science Foundation Engineering Research Center for Re-
inventing the Nation’s Water Infrastructure (ReNUWIt) from the Colorado School of Mines, 
 x 
Stanford University, the University of California at Berkeley and the New Mexico State 
University. She was especially grateful to the center Director Dr. Richard Luthy and research 
Director Jorg Drewes and staffers Ms. Pamela McCleod and Ms. Laura Burns-Wood. All 
material here was based in part upon work supported by the U.S. National Science Foundation 
















This work is dedicated to Martha’s husband Craig Hulburt who faithfully supported her vision of 
transforming the domestic wastewater paradigm and along with her niece Katrina (Kat) Hahn 
kept her balanced and grounded with family.
 1 
CHAPTER 1 
1 INTRODUCTORY REMARKS 
 
It is widely accepted that utilities have the potential to generate energy and recover 
economically valuable resources from wastewater (Guest et al. 2009, McCarty et al. 2011).  
However, mainstream wastewater treatment does just the opposite, and consumes rather than 
produces resources. Almost half of a treatment plant’s energy demand is used for aeration, which 
allows aerobic microorganisms to grow quickly (Mizuta and Shimada, 2010). Approximately 
half of influent carbon is converted into fast growing microbiota, and the remaining half is 
released to the atmosphere through the generation of CO2. The large volume of aerobic biomass 
is separated from the aqueous stream and concentrated to produce sludge which must be further 
digested, dewatered, and trucked offsite for land application as biosolids or landfilled. Sludge 
handling and disposal can account for 40-45% of a facilities operating and capital costs, but often 
receive little attention (Gillot et al. 1999, Reynolds 1996). The current emphasis on aerobic 
biological treatment wastes much of the energy value of the organic matter and maximizes the 
production of biosolids. 
 The key to reducing energy demand and solids production is anaerobic microbial 
metabolism, which converts complex organics to simple compounds and then to methane gas, 
without the need for oxygen. Anaerobic treatment has conventionally been used for concentrated 
wastes at high temperatures, and importantly, has the potential to operate at ambient temperature 
with comparatively dilute raw wastewater. Direct anaerobic treatment of municipal wastewater 
to remove organic matter with the generation of methane is common in tropical and subtropical 
climates of South America and Asia, where COD removal ranges from 40-70% (Jordao et al. 
2009, Draaijer et al. 1992, Qian et al. 2007; Giraldo et al. 2007). Anaerobic treatment of raw 
wastewater has the benefit of converting influent carbon to methane, greatly reducing the amount 
of waste sludge produced, and reducing energy consumption. This differs from primary 
clarification, which simply settles solids and provides no treatment in itself. As with many 
microbial processes under ambient conditions, reactions occur more slowly at lower temperature.  
For methanogenic systems in colder climates, this may be overcome with treatment processes 
that have longer solids retention time (SRT). Anaerobic reactor configurations that provide long 
SRT decoupled from hydraulic residence time (HRT) and do not require energy input for heating 
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have a high potential to provide a bridge to net energy positive wastewater treatment. Anaerobic 
primary treatment may be easily incorporated in the front end of an existing facility to reduce 
organic loading to downstream processes, reduce aeration demand, reduce biomass production, 
and increase energy generation.  
Anaerobic Baffled Reactors (ABRs), often described as UASBs in series, direct 
wastewater through sequential cells under upflow and downflow conditions, each time passing 
through a sludge blanket (Bachman et al. 1985, Grobicki and Stuckey 1990). This configuration 
allows for a naturally occurring spatial separation of the microorganisms that perform the 
sequential steps of hydrolysis, acidogenesis, and methanogenesis, in the conversion of complex 
organics to methane. Solids are well retained, providing additional time for hydrolysis, which 
makes them an excellent candidate for colder climate anaerobic treatment, while eliminating the 
need for primary clarification. ABR’s can handle large volume of solids without clogging, and 
segregation of the biogas produced in each cell enable generation of biogas with higher methane 
concentration in the downstream cells (Wang, 2004). 
Anaerobic Baffled Reactors are a promising technology to achieve energy positive 
treatment from raw domestic wastewater. However, ABRs are rarely used where the water 
temperature ranges from 10 to 20˚C. In addition, little information is available on long-term 
operation at pilot or larger scale system. The development of design guidance and confidence in 
the implementability of anaerobic treatment for raw wastewater requires the collection of data 
for at least two years. The goal of the dissertation research herein was to address the following 
barriers to the adoption of energy positive wastewater treatment: 
 Energy positive domestic wastewater treatment practices are hindered by the lack of 
information on the long-term performance of mainstream anaerobic processes.  
 Previous anaerobic process research has primarily focused on synthetic or industrial 
wastewater at elevated temperatures or solids digestion. 
 The cost-effective integration of anaerobic mainstream technology into existing infrastructure.  
 The need for systems-level information on the costs and impacts of anaerobic technologies. 
 The culture of wastewater treatment utilities resists alternative treatment paradigms. 
 The current state regulatory environment is a deterrent to alternative treatment paradigms. 
Research hypotheses are: 
 3 
 Hypothesis 1: Stable operation of an Anaerobic Baffled Reactor can be achieved throughout 
Colorado winter conditions. 
 Hypothesis 2: The extent of carbon conversion and energy production can be controlled by 
hydraulic residence time. 
 Hypothesis 3: The microbial community structure will segregate along the length of the 
reactor and will be associated with the chemical changes observed in different tanks. 
This dissertation documents a pilot-scale investigation conducted between August 2012 
and July 2014 and an evaluation of barriers to anaerobic mainstream wastewater treatment. This 
dissertation is organized into five chapters. Chapter one presents introductory remarks and 
briefly describes the organization. Chapter 2 of this Dissertation is a paper in preparation for 
submittal to Environmental Science & Technology. The adoption of new domestic wastewater 
technology faces significant barriers. Small wastewater treatment systems (<10 MGD) in 
particular are slowest to adopt new technologies. The major reasons are explored and a path 
forward is proposed. This paper is designed to address the issues of wastewater utility and state 
regulatory barriers. Chapter 3 is based on a paper published in Water Research that evaluates the 
long-term performance of an anaerobic baffled reactor system treating raw domestic wastewater 
at water temperatures approaching 10˚C. The system exceeded performance expectations and 
suggests that cost-effective energy positive primary wastewater treatment is feasible. Chapter 4 
is based on a paper published in the Proceedings of the Water Environment Federation. The 
paper evaluates the microbial community structure and function in conjunction with the 
anaerobic reactor performance and operational data. A key finding is that a stable community 
structure takes at least one year to evolve which supports the need for long-term research 
evaluation of anaerobic technologies. The final portion of this dissertation, Chapter 5, 




BRIDGING THE ENERGY GENERATION GAP IN EXISTING SMALL WASTEWATER 
TREATMENT FACILITIES: A UTILITY MANAGER’S PERSPECTIVE 
2  
A manuscript in preparation for publication in Environmental Science & Engineering as a feature 
article 
Martha J. Hahn and Linda A. Figueroa 
2.1 Abstract  
The integration of anaerobic technology into mainstream wastewater treatment is 
essential to bridge the gap from current practice to energy generation. However, adoption of 
anaerobic technology by the more numerous small utilities is limited.  One barrier to adoption is 
the ability of smaller utilities to manage the complexity of advanced technologies and absorb 
increased administrative, labor, and capital costs. Another barrier is the lack of long-term 
performance data at pilot to demonstration scale. Lastly, the impact on comprehensive regulatory 
compliance is not addressed in the technology development, which is complicated by the fact 
that states vary in their requirements for utilization of new technology. Input of utility staff into 
operational, administrative, cost and regulatory constraints during the development of technology 
will allow researchers to address these issues. Adoption of energy positive technologies can be 
facilitated by a closer partnership of small utilities, technology researchers and state regulators. 
2.2 Introduction 
 It is recognized that utilities have the potential to generate energy and recover 
economically valuable resources from wastewater (Kalogo and Monteith 2008, Guest et al. 
2009). The biogas generation in wastewater treatment facilities (WWTP) is currently based on 
the anaerobic digestion of primary solids and secondary process biomass. However, only 8% of 
all facilities > 1MGD with anaerobic digestion used their biogas to generate electricity (EPA 
2011) which was only 3% of all facilities surveyed. Data from the EPA survey on wastewater 
Combined Heat and Power (CHP) showed that only 0.4% of the energy generated was provided 
by WWTPs < 10 MGD. Utilities with flows < 10MGD represent 97% of the centralized facilities 
in the US, yet represent only a fraction of the WWTPs that generate biogas and energy with the 
current technology. Tapping into the energy potential of wastewater to become energy positive 
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will require alternative treatment schemes and newer technologies. Integration of energy positive 
technology at small utilities is hampered by barriers to the ability to fund capital improvements 
and incur additional administrative burden for an elective technology. Small facilities do not 
have the economy of scale of large utilities, which allow for the implementation of more 
complex technologies. Smaller utilities are impacted more by operational complexity, cost, and 
comprehensive regulatory compliance of new technologies than larger facilities. A conceptual 




Figure 2.1 Conceptual model of the interplay between key barriers for small utilities in 
implementing energy positive anaerobic treatment technology. 
 
The objective of this paper is to identify barriers to the implementation of energy positive 




Currently municipal wastewater treatment relies on aerobic processes to remove 
contaminants, which leaves much room for improvement in energy and resource efficiency. 
Almost half of a treatment plant’s energy demand is consumed by aeration, which allows aerobic 
microorganisms, or biomass, to consume the wastewater organic matter and grow quickly 
(McCarty et al. 2011). Approximately half of the influent carbon is converted into fast growing 






The large volume of aerobic biomass is separated from the aqueous stream and concentrated to 
produce sludge that is subjected to aerobic or anaerobic digestion. It is important to note that, 
once converted to biomass, a portion of the wastewater organic carbon becomes refractory, and 
is no longer available for conversion to methane during anaerobic digestion (Rittmann and 
McCarty 2001, Tchobanoglous et al. 2003). Thus the use of aerobic processes to convert soluble 
COD to biomass prior to anaerobic digestion results in a loss of wastewater chemical energy 
potential. Many small utilities do not use primary clarification prior to their aerobic process, thus 
all influent carbon is subject to aerobic treatment. The digested sludge is then dewatered, and 
typically trucked offsite for land application as biosolids or landfilled. Sludge handling and 
disposal can account for 40-45% of a facilities operating and capital costs (Gillot et al. 1999, 
Tchobanoglous et al. 2003), but limiting mainstream biomass production is not a major 
consideration in the existing WWT paradigm, especially for small utilities. The current emphasis 
on aerobic biological treatment wastes much of the energy value of the organic matter and 
maximizes the production of biosolids. 
 The key to energy positive treatment is application of anaerobic microbial metabolism to 
convert complex organics to simple compounds and then to methane gas, without the need for 
oxygen. Anaerobic treatment has conventionally been used for concentrated wastes such as 
primary and secondary clarifier solids, brewing waste and food processing waste, and is heated 
to temperatures of 32 to 38 ˚C (WEF 2007). However, anaerobic microbial processes can also 
operate at ambient temperature with comparatively dilute raw wastewater. Direct anaerobic 
treatment of municipal wastewater to remove organic matter with the generation of methane has 
been used in tropical and subtropical climates of South America and Asia (Draaijer et al. 1992, 
Giraldo et al. 2007, Qian et al. 2007, Jordao et al. 2009). Anaerobic treatment of raw wastewater 
has the benefit of converting more influent carbon to methane, greatly reducing the amount of 
waste sludge produced, and reducing energy consumption.  
 A perceived limit to the application of anaerobic processes to raw municipal wastewater 
in temperature climates is performance at temperatures in the 10-15˚C range. As with many 
microbial processes operated under ambient conditions, reactions occur more slowly at the lower 
temperature range.  For methanogenic systems in colder climates, the limitation may be 
overcome with treatment processes that have longer solids retention time (SRT). Anaerobic 
reactor configurations that provide long SRT decoupled from hydraulic residence time (HRT) 
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and do not require energy input for heating have a high potential to provide a bridge to net 
energy positive wastewater treatment for small utilities. Incorporation of anaerobic treatment at 
the front end of a facility would reduce organic loading to downstream processes, reduce 
aeration demand, reduce biomass production, and increase energy generation.  
 Mainstream anaerobic reactor configurations that will work in regions with temperate 
climates are needed to help small utilities bridge the energy generation gap. Desired features of 
new technology and/or operational schemes for small utilities include minimum number of unit 
processes/operations, low operation and maintenance, and a demonstrated financial benefit. 
Small utilities have to work with narrower price-cost margins to meet their obligation to rate-
payers. State and/or federal approval of new technology is required for adoption at full scale, and 
requires data supporting implementation. 
 Current research on mainstream (as opposed to sludge side streams) municipal 
wastewater anaerobic reactor technology in the United States is for treatment of primary clarifier 
effluent with a focus on anaerobic membrane bioreactors (AnMBRs) and high effluent quality 
(Yoo et al. 2012, Bae et al. 2013, Smith et al. 2013 & 2014). Many small utilities do not employ 
primary clarification for economic reasons and thus anaerobic technologies that require-pre-
settled influent are not easily integrated. Information on implementability, effectiveness, costs 
and additional regulatory issues with waste streams such as sludge or air emissions, is critical to 
the advancement of mainstream anaerobic technologies at small facilities.  
Incorporation of anaerobic treatment upstream of conventional activated sludge can be 
done with uncomplicated reactors having small footprints.  Simple anaerobic technologies for 
raw municipal wastewater treatment include the upflow anaerobic sludge blanket (UASB) 
reactor (Lettinga et al. 1980), the Anaerobic Baffled Reactor (ABR) (Bachmann et al. 1985), and 
the anaerobic fixed film reactor (AFFR) (Young and McCarty 1969). These reactor 
configurations require little operator attention due to the absence of aeration, no mechanical 
mixing and produce low volume of sludge. All of the above have been operated full-scale at 
ambient temperature and pressure in tropical or subtropical regions. The UASB consists of a 
single cylindrical tank fed from the bottom containing a dense sludge blanket through which the 
influent wastewater flows upward. Upflow velocities are limited to prevent biomass washout, 
and presettling is recommended (Mergaert et al. 1992). ABRs, often described as UASBs in 
series, direct wastewater through sequential tanks under upflow and downflow conditions, each 
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time passing through a sludge blanket (Grobicki and Stuckey 1991). This configuration allows 
for a naturally occurring spatial separation of the microorganisms that perform the sequential 
steps of hydrolysis, acidogenesis, and methanogenesis, in the conversion of complex organics to 
methane. The sequential tanks retain solids well and provide additional time for hydrolysis, 
which makes them an excellent candidate for colder climate anaerobic treatment, while 
eliminating the need for primary clarification.  ABR’s can handle large volume of solids without 
clogging, and segregation of the biogas produced in each cell enable generation of biogas with 
higher methane concentration in the downstream cells (Wang et al. 2004). AFFRs utilize 
attached growth with a variety of inert substrates for support, and often develop a sludge blanket 
as well. AFFR media may be fixed or suspended (moving), because the biomass is immobilized 
on the carrier media, it is more effectively retained in the system. These reactors operate at 
ambient temperature and pressure and typically operate on gravity flow alone. A few studies on 
treatment of raw municipal wastewater using these configurations have demonstrated successful 
operation at low temperature (10 to 20 ˚C) at pilot-scale in Europe (Alvarez et al. 2008, 
Elmitwalli et al. 2002, Barros et al. 2008, Sayed and Fergala 1995) but long-term performance 
information and full scale applications are non-existent.  
2.3.2 Technology Complexity 
The majority of utilities are reluctant to implement new or “bleeding” edge technology if 
it appears more complex than conventional treatment (WERF 2012). Most wastewater treatment 
plants (97%) in the United States are small or mid-sized utilities (<10MGD), operating 24 hours 
per day, with limited staff. For these utilities, operational simplicity and reliability of a unit 
process is critical (EPA 2011). High maintenance requirements and/or operational attention 
increase operational and maintenance costs and staffing levels. To reduce maintenance and 
process monitoring, single unit processes are preferable to multiple separate processes to achieve 
the same goal. The anaerobic primary technology must be repeatedly proven treating raw 
municipal wastewater at pilot scale and above to provide confidence in the ability to reliably 
meet treatment goals.  
Integration of energy generation increases the complexity of anaerobic technology. The 
options for utilizing the energy content of methane include heat generation, electricity generation 
and production of compress natural gas (CNG)fuel. Heat generation requires the least 
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infrastructure but only recovers a limited amount of the available energy. Much more 
infrastructure is required if the goal is CNG, which requires removal of carbon dioxide and trace 
gas contaminants from the biogas and gas pressurization. For small utilities, the economic 
benefit of on-site generation may be dwarfed by capital costs, and will need to be evaluated on a 
case-by-case basis. The exact use of the methane (if any) will depend upon the individual utility 
and local economic conditions, including the prices of electricity, natural gas, and gasoline.   
Most wastewater utilities lack in-house expertise in maintaining electrical generation, 
fuel, or gas conditioning equipment, and may find these systems intimidating. Many facilities in 
South America simply flare the methane produced (Heffernan 2011). Fortunately, manufacturers 
of energy generation and gas conditioning equipment often provide financing and maintenance 
agreements. Some utilities have found public private partnerships (PPA) a reasonable way to 
implement energy generation while mitigating the capital and operational and maintenance 
burden new infrastructure. In these arrangements, a private entity may fund and/or operate the 
new infrastructure on the plant site, and then sell the electricity to the utility. Alternatively, 
streamlined gas conditioning and energy generation systems may eliminate the need for PPA’s 
and further the adoption of the technology.  
Even if energy generation is not financially beneficial, anaerobic primary treatment 
reduces energy demand for aeration and biosolids handling. In areas where growth is expected, 
anaerobic primary treatment lays the foundation for future energy generation. Ultimately, it is the 
economics of the energy produced as well as the reduction in energy needed for treatment that 
are the major drivers in implementation of energy positive technology. 
2.4 Financial 
 Most utilities are constrained financially by the rate structure for the services they 
provide and ultimately improvements must be at least budget neutral. The financial investment in 
capital improvements for energy positive technology may be significant. Utilities spend public 
funds collected from a defined population, and must often obtain approval for expenditures from 
publicly elected officials.  Emphasis is placed on the cost and payback of new infrastructure, and 
the least expensive option that will reliably obtain the required permit limit(s) is usually selected. 
Often, energy positive projects are not required for the purpose of attaining permit limits, 
meaning the expense is more difficult to justify. Smaller utilities do not realize the benefit of 
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scale available in large population centers, which results in a greater cost per capita.  Investment 
in resource recovery facilities requires a financial benefit, or at minimum, no additional cost  
Conventional integration of anaerobic treatment targets solids digestion and includes of 
primary clarifiers, pumps, sludge thickeners, and heated digesters with internal mixing; a capital 
intensive operating scheme. On the other hand, anaerobic mainstream treatment could consist of 
a single reactor if just primary treatment were the goal. Anaerobic primary treatment provides at 
a minimum, savings in electricity and solids handling costs (LaMotta et al. 2007, Vieira and 
Souza 1986, Vieira and Gracia 1992). The ability to operate anaerobic reactors with a higher 
organic loading rate results in a smaller footprint and reduced capital cost. The organic 
conversion achieved by anaerobic primary treatment reduces the required size and energy 
demand of downstream aerobic processes, and produces a usable fuel.  
Capital, operation and maintenance cost benefits are possible if anaerobic processes are 
implemented in the municipal wastewater treatment main stream. The Niteroi treatment facility 
in Brazil converted two of four aeration tanks to UASBs, which reduced organic loading by 65% 
to the aerated tanks, and reduced energy consumption by 50% (Jordao et al. 2009). In addition, 
the ability of anaerobic reactors to treat higher organic loading rates per unit of reactor volume 
allowed waste sludge from downstream aerobic processes to be returned to the anaerobic reactor, 
rather than treated in a separate digester.  Thus, the anaerobic reactor is able to consolidate 
several processes (e.g., primary clarification, organic carbon removal, solids thickening, 
digestion) into one-unit process, further increasing efficiency and reducing capital costs 
(LaMotta et al. 2007, Jordao et al. 2009).  
Low temperature is viewed as a major challenge in anaerobic treatment because of reduced 
reaction rates. The efficiency of anaerobic primary treatment at full-scale has been demonstrated 
in warmer climates, where wastewater temperatures typically remain above 18°C (Giraldo et al. 
2007, Noyola 2004, Draaijer et al. 1992). However, large reductions in COD still occur at low 
temperature, in part due to the excellent ability of sequential UASB reactors, ABRs and AFFRs 
to retain solids. Influent COD removals of 41 to 70% from raw wastewater have been achieved 
at temperatures in the 10 to 15°C range. Thus, countering the perception that the reactors must be 
heated to efficiently remove organic carbon (Giraldo et al. 2007, Agrawal et al. 1997, Bodik et 
al. 2003). While the preceding results are very positive, research often occurs with synthetic, 
filtered, or settled wastewater, at laboratory scale, and/or under operating conditions imposed for 
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only short periods of time. Larger reactors treating raw municipal wastewater at lower 
temperatures, and operating for longer periods of time would do much to convince utilities the 
technology is ripe for implementation.  
2.5 Meeting All Permits 
Most important is the ability for new technology to meet stringent permit-based limitations 
for emissions of liquids, gases and solids.  Great emphasis is placed on effluent water quality and 
removal percentages, but equally important is the successful achievement of biosolids, and air 
emission permit requirements. An analysis of innovative technology must include impacts to all 
permit limitations. Confounding this analysis is the variability in regulations between states and 
regions. Consideration of the breadth of regulatory compliance issues in technology development 
is critical for implementability of new or unproven technologies. 
2.5.1 Effluent Quality 
Mainstream anaerobic technologies have been incorporated into treatment plants at both 
full and pilot scale, and achieved low levels of organics and nutrients in warm climates. 
Successful anaerobic treatment has been demonstrated as a component of, and as the main 
process in, complete treatment trains, though there exist few examples at low temperature. In the 
United States, general effluent limits include Biological Oxygen Demand (BOD) and Total 
Suspended Solids (TSS) percent removal and concentrations, pathogen density, and other 
parameters specific to the receiving water, such as nutrients, metals, and/or salts.   
BOD and TSS removals in full-scale facilities employing anaerobic treatment are well 
documented and there are a number of facilities in South America using UASBs. Many of the 
UASBs are employed upstream of aerobic biological processes. However, these facilities are not 
necessarily required to meet the same effluent standards as those in the United States.  High 
concentrations of BOD have been removed even when using UASBs solely for primary 
treatment (hydrolysis, with very short retention times) (Elmitwalli et al. 2002). In reviewing 
eight installations in Brazil where UASBs were employed upstream of aerobic processes, Von 
Sperling (2009) reported BOD removal of 85-92% and TSS  removal of 71-92%. Examples of 
>50% organic carbon removal at high organic loading rates of 2-6 kg/m3-d treating municipal 
wastewater at ambient, albeit >15°C temperature (Viera and Souza 1986, Halalsheh et al. 2005) 
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provides additional evidence of the potential effectiveness of this treatment in temperate climates 
with operational modifications.   
Data on nutrient dynamics in mainstream anaerobic treatment is more limited that for 
BOD and TSS. Hydrolysis of particulate organic material will release soluble nitrogen and 
phosphorus.  The carbon, nitrogen and phosphorus ratios in anaerobic effluent may enhance 
nutrient removal in downstream processes (Campos, 2009). There are several examples of 
anaerobic processes as a component of complete treatment trains that achieve low nutrient levels 
with reduced energy consumption. The Ananox© system is a hybrid anaerobic/aerobic treatment 
scheme, consisting of a two cell ABR, an anoxic tank, and a conventional activated sludge 
process (Garuti et al. 2001). Clarifier effluent is recycled to the anoxic tank for denitrification. 
Full scale operation demonstrated 95% COD removal and effluent ammonia and nitrate 
concentrations were less than 10 mg/L. At full scale, the Itaipu treatment plant in Brazil employs 
a UASB followed by an anoxic and aerobic activated sludge tanks. Mixed liquor from the 
aerobic tank is recycled to the anoxic tank, and waste sludge from the clarifier is returned to the 
UASB achieving a clarified effluent nitrate of 8 mg/L (Jordao et al. 2009). Bodik et al. (2003) 
demonstrated an anaerobic filter followed by aerobic post treatment removed 80% of COD and 
87% of influent ammonia at <10°C. Anaerobic treatment followed by aerobic activated sludge is 
the most likely near term route of incorporation in the United States. As nitrate and total nitrogen 
effluent limits become more common, consideration must be given to providing sufficient 
effluent organic matter to meet the BOD/N influent ratio required for downstream nutrient 
removal processes. Mainstream anaerobic processes have the potential to economically adjust the 
amount of organic removed to ensure the presence of sufficient organic carbon to facilitate 
conventional and novel downstream nitrogen removal processes. 
2.5.2 Biogas and Air Quality Requirements 
 Biogas quality is critical in terms of collection and energy generating equipment 
longevity and the ability of exhaust to meet air quality standards, and is costly to achieve. Gas 
quality criteria include moisture, sulfur, organic halides, and siloxane concentrations, depending 
upon the method of energy generation (EPRI 2006). Air emission standards for combustion 
processes typically include particulate matter (PM), nitrogen oxides (NOx), sulfur dioxides 
(SOx), volatile organic carbon (VOC), carbon monoxide (CO), and vary by state and attainment 
areas within a state (40 CFR part 50). The concentrations of contaminants present in the biogas 
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are dependent upon the initial wastestream concentrations, the microbial populations and activity 
within the reactor, and the water temperature While biogas gas quality and exhaust quality may 
seem like two separate issues, contaminants in biogas may be precursors of or hinder the removal 
of exhaust contaminants..   
Smaller utilities typically have only minimal reporting requirements for wastewater 
treatment air emissions. Emission standards for energy generators are higher and are often set as 
a mass of pollutant per mass of input energy content (lb/MWh), or as concentration in the 
exhaust (part per million, PPM).  Energy generation produces higher air emission of the primary 
pollutants which include NOx, SOx, VOCs, and PM. NOx is predominantly formed from N2 and 
O2 at high temperatures during combustion. SOx results from the combustion of H2S formed 
from the sulfur compounds within the wastewater. VOCs and CO are produced from incomplete 
combustion at lean air to fuel ratios. Current EPA air emission standards are listed in 40 CFR 
Parts 60 and 63, for new stationary sources (NSPS) and National Emissions Standards for 
Hazardous Air Pollutants (NESHAP). EPA has proposed output based regulations (OBR), where 
limits are set on a mass/kwh produced basis, to incentivize energy efficiency. However, few 
states have created air pollutant requirements specifically for small distributed generation and 
combined heat and power. The addition of energy generation capacity at a small wastewater 
utility will significantly increase the air emission reporting and biogas treatment requirements. 
 In addition to regulated contaminants, certain compounds must be removed to prevent 
damage to energy generating infrastructure. Siloxanes, which result from personal care products 
and industrial wastes, can occur in numerous forms with variable solubility. When combusted at 
high temperature, carbon is removed from the molecule, leaving silicon dioxide and 
microcrystalline quartz on turbine and engine surfaces, which also interfere with catalytic 
removal of NOx and CO. Hydrogen sulfide and moisture can cause corrosion and may reduce 
catalytic efficiency in exhaust treatment. Case studies have indicated sulfur and siloxane removal 
can constitute 16-30% of capital and 22-49% of operating costs for energy generating projects 
(Surti et al. 2011). Monteith et al. (2005) notes gas conditioning can be a significant cost 
component to energy projects, and lower siloxane levels in the biogas correspond to lower 
operating costs. Gary et al. (2001) demonstrated over twice as much siloxane in thermophilic 
digester gas, compared to mesophilic digester gas, while siloxane emissions from other unheated 
treatment processes were 97% less than the thermophilic digester. An attractive feature of 
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mainstream anaerobic processes is that lower (ambient) temperature operation will result in 
lower gas phase concentrations of sulfur and siloxane. 
2.6 Conclusion 
The incorporation of mainstream anaerobic processes with a reduced reliance on aerobic 
processes is the bridge needed between current practice, and energy positive or energy neutral 
wastewater treatment. The benefits of anaerobic primary treatment, simplicity, resource and 
energy recovery, reduced biosolids production, high solid and organic removal, decreased capital 
and operating costs, are convincing arguments to bridge the gap to energy positive wastewater 
treatment. Broad adoption will require that barriers for the more numerous smaller utilities are 
addressed in the development of new technologies. Barriers included: 1) the ability of smaller 
utilities to manage the complexity of advanced technologies and absorb increased administrative, 
labor, and capital costs, 2) the lack of long-term performance data at pilot to demonstration scale, 
and 3) the impact on comprehensive regulatory compliance is complicated by the fact that states 
vary in their requirements for utilization of new technology. The solution is for researchers to 
seek out the input of utility staff into operational, administrative, cost and regulatory constraints 
during the development of technology to help address these barriers. The level of demonstration 
needed will only be obtained through direct collaboration between innovators, utilities and 
regulators.  
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ANAEROBIC PRIMARY TREATMENT OF RAW DOMESTIC WASTEWATER WITH 
METHANE GENERATION AT COOL TEMPERATURES 
3  
Based on a paper published in Water Research1 
Martha J. Hahn2,3,4 and Linda A. Figueroa2 
3.1 Abstract  
A four-cell anaerobic baffled reactor (ABR) was operated for two years treating raw 
municipal wastewater at ambient water and air temperatures of 12 to 23˚C and -10 to 35˚C, 
respectively. The 1000-liter pilot reactor operated at a 12-hour hydraulic residence time and was 
located in the Headworks building of the Plum Creek Water Reclamation Authority. The average 
influent was TSS = 510±400 mg/L, BOD5 = 320±80 mg/L and the average removal of TSS and 
BOD5 was 83±10% and 47±15%, respectively. The TSS and BOD removal exceeded that of 
conventional primary clarification, with no wasting of the settled solids over the two-years and 
stoichiometric production of methane. The estimated energy content of the biogas produced per 
unit volume of wastewater treated averaged 0.45 kWh/m3. The TSS and total COD removal in 
the first cell averaged 75±15% and 43±14%, respectively, but methane production was only 20% 
of the total observed for the full ABR. The performance of the ABR relative to the extent of 
solids hydrolysis and methane production can be varied by the number of cells and hydraulic 
residence time. The anaerobic baffled reactor is an energy-positive technology that can be used 
for biologically enhanced primary treatment of raw municipal wastewater in cold climates. 
  
                                                 
1 Reproduced with permission from Hahn, M.J.; Figueroa, L.A. Pilot scale application of 
anaerobic baffled reactor for biologically enhanced primary treatment of raw municipal 
wastewater. Water research. 2015 Dec 15; 87:494-502. doi:10.1016/j.watres.2015.09.027. 
Copyright 2015 Elsevier. 
 
2 ReNUWIt Engineering Research Center, Department of Civil and Environmental Engineering, 
Colorado School of Mines, Golden, Colorado USA 
 
3 Plum Creek Water Reclamation Authority, 4255 N US Hwy 85, Castle Rock, CO 80108, USA 
 
4 Martha J. Hahn was primary author in the writing of this manuscript. 
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3.2 Introduction 
The potential to generate energy and recover economically valuable resources from 
wastewater has been recognized (Guest et al. 2009, McCarty et al. 2011). However, mainstream 
wastewater treatment does just the opposite, and consumes rather than produces resources. 
Approximately half of influent carbon is converted into fast growing microbiota, and the 
remaining half is released to the atmosphere through the generation of CO2. One of the largest 
operational costs in wastewater treatment is electricity, and almost half of a treatment plant’s 
entire energy demand is used for aeration (Mizuta and Shimada 2010). The current emphasis on 
aerobic biological treatment wastes much of the energy value of the organic matter and 
maximizes the production of biosolids. Mainstream anaerobic treatment of municipal wastewater 
has been identified as the sustainable treatment scheme of the future because of energy 
generation potential, lower energy requirements and reduced solids generation (Shoener et al. 
2014, van Lier 2008, Verstraete et al. 2009).  
 Direct anaerobic treatment of raw municipal wastewater to remove organic matter with 
the generation of methane is common in tropical and subtropical climates of South America, 
Africa, the Middle East, and Asia, where COD removal ranges from 40 to 75% (Draaijer et al. 
1992, Giraldo et al. 2007, Heffernan et al. 2011, Jordao et al. 2009, Khan et al. 2014, Qian et al. 
2007) but is not common in temperate climates. A concern with direct anaerobic treatment of 
raw municipal wastewater in temperate climates is the effect of the lower water temperatures on 
the organic removal rates. Anaerobic reactor configurations that provide long solids residence 
time (SRT) decoupled from hydraulic residence time (HRT) can compensate for slower kinetics 
at ambient temperature. Anaerobic secondary treatment at psychrophilic temperature has been 
demonstrated in membrane bioreactors receiving primary clarifier effluent (Yoo et al. 2012, Bae 
et al. 2013, Smith et al. 2013). The implementation of anaerobic primary treatment in 
conjunction with anaerobic secondary treatment can significantly reduce biosolids production 
and maximize methane production from the wastewater organics. Anaerobic primary treatment 
may be incorporated in the front end of an existing facility to reduce organic loading to 
downstream processes, reduce aeration demand, reduce biomass production, and increase energy 
generation.  
Anaerobic baffled reactors (ABRs) have a simple design, low capital and operating costs 
and provide better retention of solids in response to load variations than a single upflow 
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anaerobic sludge blanket (UASB) reactor (Bachmann et al. 1985, Garuti et al. 2004). ABRs, 
often described as a series of upflow anaerobic sludge blanket reactors (UASBs), direct 
wastewater through sequential cells under upflow and downflow conditions, each time passing 
through a sludge blanket (Bachmann et al. 1985, Grobicki and Stuckey 1990). This configuration 
allows for a naturally occurring spatial separation of the microorganisms that perform the 
sequential steps of hydrolysis, acidogenesis, and methanogenesis, in the conversion of complex 
organics to methane. Solids are well retained, providing additional time for hydrolysis, which 
makes them an excellent candidate for colder climate anaerobic treatment, while eliminating the 
need for primary clarification. ABR’s can handle large volumes of solids without clogging, and 
segregation of the biogas produced in each cell enable generation of biogas with higher methane 
concentration in the downstream cells (Wang et al. 2004).  Primary clarifiers are eliminated in 
addition to primary solids sludge thickening and separate digestion is minimized, resulting in a 
significant capital and operational savings for wastewater treatment utilities (Jordao et al. 2009, 
La Motta et al. 2007). 
  Long-term pilot-scale performance assessment of new technologies is required to 
provide confidence in implementability and design guidance. Much of the previous research on 
ABRs or UASBs at low temperature has been done using small reactors less than 25L in size 
(Elmitwalli et al. 1999, Lew et al. 2004, Manariotis and Grigoropoulos 2002, Nasr et al. 2009, 
Uemura and Harada 2000) and/or for insufficient duration (less than a year) to provide long-term 
performance data applicable for full-scale design. In addition, studies are often conducted with 
synthetic, filtered, or presettled wastewater not characteristic of unsettled (raw) municipal 
wastewater (Elmitwalli et al. 1999, Lew et al. 2004, Seghezzo et al. 2002, Uemura and Harada 
2000). Numerous studies with reactor size from 100 to 1000L have been conducted with ABRs 
and UASBs treating unsettled and unfiltered municipal wastewater at low temperature, and  have 
achieved  50% and greater reductions of COD and TSS at temperatures <20°C (Elmitwalli et al. 
2002, Mahmoud et al. 2004, Mergaert et al. 1992, Zhao et al. 2012). However, the available 
long-term operating data for large pilot reactors (≥1000L) treating unsettled wastewater at 
<20°C, is more limited (Alvarez et al. 2008, Alvarez et al. 2006, Alvarez et al. 2003, Barros et al. 
2008, Vieira and Garcia Jr 1992).  
Long-term performance of psychrophilic ABR systems for raw wastewater is lacking and 
is critical to develop the information needed for technology adoption by wastewater utilities. The 
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goal of this study was to demonstrate that an ABR could meet primary treatment standards while 
generating methane from unsettled municipal sewage in a temperate climate where the air 
temperature ranges from -10˚C to 35˚C and influent wastewater temperature ranges from 12˚C to 
23˚C. 
3.3 Materials and Methods 
 Plum Creek Water Reclamation Authority (PCWRA) is a 6.44 MGD wastewater 
treatment plant located on the Front Range of the Rocky Mountains in Colorado, at an elevation 
of 1,830 m. A four-cell, 1,000 liter (L) ABR, was located in PCWRA’s unheated Headworks 
building. The pilot was operated continuously for two years, treating 1,728 liters per day of 
screened (8mm) and degritted municipal wastewater at ambient temperature. The cells were 
spatially separated to allow for valving, sampling ports, and instrumentation; a schematic is 
presented in Figure 1. 
3.3.1 Anaerobic Baffled Reactor 
The ABR consisted of four sequential cells, each 0.457 m square and 1.22 m tall, with a 
total hydraulic volume of 869 liters. The cells were constructed with PVC sheets reinforced with 
angle iron frames. Each cell was equipped with a gas flow meter, temperature probe, and high-
level alarm.   Wastewater was diverted from the plant influent through a two-step system. First, a 
grinder sump pump located in the plant influent channel pumped wastewater to a 910 L tank. 
The tank was mixed and operated to maintain a maximum detention time of 15 minutes. Second, 
a Watson Marlow peristaltic pump fed influent wastewater from the 910 L tank through a 2 inch 
PVC downcomer pipe to the bottom of the first cell of the ABR.  
The wastewater flowed upward through a sludge blanket in Cell 1, and then through a 
clarified zone, to the effluent pipe located near the top of the cell, but below the water surface. 
Water exited the cell and flowed through a downcomer pipe to the bottom of Cell 2. This flow 
pattern was repeated for Cells 3 and 4. The flow rate to the ABR was maintained at 1.2 L/min, 
resulting in an upflow velocity of 0.36 m/h. The reactor was seeded with granular sludge from a 
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mesophilic UASB receiving brewing waste and began operating in June 2012. 
 
Figure 3.1 Flow and monitoring schematic of the pilot scale Anaerobic Baffled Reactor at the 
Plum Creek Water Reclamation Authority wastewater treatment facility. 
 
3.3.2 Data Analyses 
Data were collected from each cell on gas production and quality, dissolved methane, 
temperature, TSS, VSS, COD, dissolved COD, pH, and BOD5. Grab samples were collected 
from the ABR influent and the effluent of each cell. Gas samples were collected from the 
headspace of each cell with 2L Cali-Bond bags, fitted with a septum for sample withdrawal. 
Quarterly, 3.8 cm core samples were collected from each cell to determine solids and grease 
accumulation. Influent temperature was logged with a submersible HOBO Temp Pro V2 
temperature logger. pH data was collected with Broadly James pH ProcessProbes.  TSS, COD, 
dissolved COD, and BOD5 analyses were conducted according to Standard Methods (APHA 
2005). Gas flow was measured with Cole Parmer 0 to 500 SSCM gas flow meters.  
Biogas analyses were conducted on a Shimadzu GC-17A and a Shimadzu GC-8A with 
TCD detectors and a Haysep Q 80/100 column with UHP helium carrier gas at 30 ml/min. 
Samples and standards were manually injected using a 1 mL gas tight syringe. Two methods 
adapted from Souza (2011) were used to determine dissolved methane concentrations. In 2013, 
the ABR effluent was collected directly into a 60 mL serum bottle and immediately sealed with a 
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septum and aluminum cap.  The serum bottle was shaken and was stored at 4°C until the next 
day, when it was brought to room temperature. In 2014, the ABR effluent was collected directly 
into a 250 mL serum bottle to which 1.18 g BESA had been added, and immediately sealed with 
a septum and aluminum cap. The serum bottle was shaken and stored at room temperature until 
the following day. In both 2013 and 2014 the headspace volume of the serum bottle was 
determined by weight. After equilibration for 24-hours, the headspace of the serum bottle was 
analyzed for methane content, and compared to the expected methane content based upon the 
original ABR headspace concentration and Henry’s Constant. Data is presented as an average 
typically followed by the standard deviation (±SD). 
3.4 Results & Discussion 
The ABR began operation in Jun 2012; data for two years of operation (August 2012 
through July 2014) are presented and discussed. The ABR water temperature ranged from 12 to 
23˚C. Influent and effluent pH averaged 7.2 and 6.5, respectively. The average organic loading 
rate (OLR) was 1.3 kg-COD/m3/d. During the first 1.5 months of ABR operation (startup), the 
influent TSS and COD averaged 1700±1800 mg/L and 2500±2800 mg/L, respectively. This was 
attributed to a failure to flush the sampling line prior to collection. During this time, effluent TSS 
levels were low, at 47±19 mg/L, and effluent COD (440±50 mg/L) was very similar to the two-
year average of 410±60 mg/L. The first two months of data were not included in the performance 
analyses.   
 
3.4.1 Suspended Solids and Organics Removal 
3.4.1.1  Suspended Solids 
 
The influent Total Suspended Solids (TSS) averaged 510±400 mg/L with solids removal 
of 83±10% from August 2012 through July 2014; influent and effluent TSS values for the 2-year 
period are presented in Figure 2. Variability in influent TSS data (after startup) is attributed to 
the episodic discharges of water treatment plant residuals from five different groundwater 
treatment facilities, as well as collection system maintenance activities. In the April 2013, a 
membrane water treatment plant began batch discharging an additional 175 kg/day of iron and 
manganese laden residuals to the sewer; influent iron concentrations up to 164 mg/L were 
observed in grab samples.  The ABR was effective at damping the wide variations in influent 
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wastewater TSS and producing effluent concentrations with less variability as shown in Figure 2. 
 
Figure 3.2 Influent and effluent total suspended solids for the pilot scale Anaerobic Baffled 
Reactor at the Plum Creek Water Reclamation Authority wastewater treatment facility from 
August 2012 through July 2014. 
 
Sampling the influent and effluent to each cell allowed us to evaluate the ABR 
performance in terms of hydraulic residence time (HRT) of 3, 6, 9 and 12 hours. The average 
concentrations of influent TSS and the effluent for each cell are presented in Figure 3 with the 
standard deviation for the 2-year period. The first cell removed 75±15% of the influent TSS with 
only 3 hours of HRT. No apparent correlation was observed between TSS removal and water 
temperature (R2 <0.1; p<1). Volatile Suspended Solids (VSS) averaged 82±13% of the TSS and 






















Figure 3.3 Average influent and individual cell effluent organic matter (COD) and total 
suspended solids of the Anaerobic Baffled Reactor system from August 2012 through July 2014. 
Error bars represent one standard deviation. 
 
 The TSS removal exceeded the typical 50 to 65% removal for conventional primary 
clarification (WEF 2007). The TSS removal is comparable to the highest removals observed with 
chemically enhanced primary treatment when chemical addition, flocculation and settling are 
employed, range of 60 to 90% (WEF 2007), but does not require chemical addition nor solids 
wasting. The TSS removal in the ABR is comparable to the highest removals observed in large 
pilot-scale UASB reactors (80 to 90%), shown in Table 1. The high TSS removal occurred in 
systems with a range of HRT (3 to 54 hrs.) that received influent COD less than or equal to the 
ABR. The single and hybrid UASB reactors with the lowest percent removal of TSS (41 to 55%) 
were operated at influent COD concentrations two times higher than for this study. The removal 
of greater than 80% of the influent suspended solids makes the ABR a very attractive alternative 


































Table 3.1 Performance of anaerobic systems with volume ≥ 1 m3 treating municipal wastewater 
at psychrophilic temperatures ≤ 20˚C. 
 
 
3.4.1.2 Chemical Oxygen Demand (COD) 
 
The influent total COD averaged 760±190 mg/L with total COD removal of 43±15% 
over the two years of operation, Figure 3. This value is in the range of the 41 to 64% removal 
observed in large pilots operating at temperatures below 20˚C and the 32 to 75% removal 
achieved by UASBs in warm climates (20 to 30°C) (Heffernan et al. 2011, Khan et al. 2014, 
Noyola 2004). Total COD removal averaged 580 g/d, mechanisms include methanogenesis, 
sulfate reduction, grease flotation with skimming and physical capture of particulate COD. The 
first cell had total COD removal equivalent to the four-cell ABR, and represents a single UASB 
with an HRT of 3 hrs. Influent sulfate averaged 56±3 mg/L and removal was 50% or less. The 
increase in dissolved sulfide supports the occurrence of biological sulfate reduction but measured 
effluent values were always below 3 mg/L. The majority of grease removal occurred in Cell 1 
(22±14 g COD/d) which, corresponded to 11 g scum solids/m3 water treated.  In comparison, 
primary clarification typically produces 150 g scum solids/m3 (Tchobanoglous et al. 2003).  
                   
System  Vol. Temp.
1
 SRT HRT Duration of HRT Influent COD CH4-Total  TSS Removal Waste  Refs. 
  (m
3
) (°C) (d) (h) (d)  (mg/L)  (L/gCODremoved) (%)       
UASB  120 19 NR 11, 15 6, 36  400  0.09  75  20
2
  Vieira & Garcia 
1992 
HUSB-UASB 26 19 10-51 3-7 32,23,16,11 360-470  0.06  82-85  18
2
  Alavarez et al. 
2003 
UASB-UASB 7 12 NR 54 730  465-520  NR  80-90  0  Barros et al. 2008 
UASB-UASB 96 18 42 15 180  1650  0.11  42  0  Halalsheh et al. 
2005 
UASB  60 18 137 25 180  1420  0.25  55  0, 5-15
2
  Halalsheh et al. 
2005 
UASB  26 17 44-126 5-19 27,31,36,41,53 170-400  NR  58-85  0  Alvarez et al. 2006 
HUSB-UASB 46 19 46-1800+ 9-27 18,20,24,30,33 118-401  0.13  76-89  21.6
2
  Alvarez et al. 2008 
UASB  1.2 13 NR 44 840  975  0.08  NR  0  Bogte et al. 1993 
UASB  1.2 14 NR 57 720  820  0.03  NR  0  Bogte et al. 1993 
ABR  1 18 23-65 12 730  760  0.21  83  0  This Study  
                   
1. Average 
2. kg TSS/kg CODin 
3. % Influent COD 
4. 5-15kg COD/4-7days 
5. % Influent VSS 
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Grease flotation in conjunction with sulfate reduction could account for up to 8% of the COD 
removal in Cell 1. Methanogenesis and particulate COD capture account for the majority of the 
COD removal in Cell 1.  
The average soluble COD changes for each cell in the ABR are presented in Figure 4. 
Overall the average soluble COD increased through the ABR by 46 mg/L. On average, the 
soluble COD concentration increased in Cells 1, 2 and 3 and decreased in Cell 4. The changes 
suggest that hydrolysis of particulate COD was higher than the utilization of sCOD for methane 
production in the first 3 cells. The first cell in the ABR (HRT = 3 hr.) provided some hydrolysis 
of particulate COD (net increase of 28 mg/L) but HRT = 9 hr. provided a greater extent of 
hydrolysis (net increase of 67 mg/L), which is critical for methane production. Consistent net 
removal of sCOD from Cell 4 suggests a minimum ABR hydraulic residence time of 12 hours is 




Figure 3.4 Average net removal of soluble based on the difference of influent and effluent COD 
for cell of the Anaerobic Baffled Reactor system from August 2012 through July 2014. Negative 
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3.4.1.3 Biological Oxygen Demand (BOD5) 
 
 BOD5 analyses were added to the monitoring suite in March 2013 for the ABR influent 
and effluent (Cell 4). The average influent BOD5 from March 2013 through July 2014 was 
320±80 mg/L and the removal was 47±15%. The two-year influent and effluent trends were 
similar to the TSS, showing a higher standard deviation for the influent BOD and lower standard 
deviations for effluent BOD (160±30 mg/L). The removal of BOD5 was weakly correlated to the 
water temperature (R2 = 0.255, p<0.05) Figure 5. The removal of BOD5 was dominated by the 
capture of particulates, thus a weak relationship with temperature is not surprising. The BOD5 
removal far exceeds the typical 25 to 35% removal for conventional primary clarification (WEF 
2007). The BOD5 removal is in the range of chemically enhanced primary treatment, which 
ranges from 40 to 70%, and within the 40 to 80% BOD removal range of large pilot- and full-
scale installations in warm climates (Alvarez et al. 2006, Barros et al. 2008, Khan et al. 2014, 
Noyola 2004, Vieira and Garcia Jr 1992). Total BOD5 was used to estimate biodegradable total 
COD based on a ratio of 0.68 bCOD = BOD5, (Tchobanoglous et al. 2003); thus, the influent 
biodegradable COD was estimated to be 470 mg/L. The removal efficiency of biodegradable 
COD was assumed to be proportional to total COD removal, which gives an average estimated 
daily BODL removal over the two years of 388 g BODL/d. 
 
Figure 3.5 Average monthly BOD5 removal based on influent and effluent of the Anaerobic 




















The ABR achieved higher suspended solids and BOD5 removal than primary clarification 
with the concurrent production of methane and digestion of the settled solids. The high removals 
of TSS and COD in Cell 1 of the ABR, suggests that a single UASB with a 3-hour HRT could be 
coupled with an anaerobic secondary treatment system to maximize methane product with a 
smaller total volume, however, the extent of hydrolysis and the solids digestion advantage of the 
ABR will be reduced. 
 
3.4.2 Methane Production 
3.4.2.1 Projected Methane Production 
  
The theoretical methane production based on 100% conversion of the BODL is 0.35 L 
(STP)/g BODL. If 19% of the BODL is used for synthesis the methane yield would be 0.284 L/g 
BODL consumed (McCarty et al. 2011). Thus, the projected daily methane production 
considering cell synthesis in the ABR was 110±36 L/d. The total methane production in the ABR 
was calculated using the measured biogas flow, the percent methane in the biogas, the hydraulic 
flow, and the effluent dissolved methane concentration.   
3.4.2.2 Modeled Biogas Flow 
 
An exponential model to estimate biogas flow from temperature was fit to the available 
data so gas flow could be estimated when gas flow meters were out of service. The fitted 
equation is Q=117 mL/min (1.09)(T-19.7˚C) with a correlation coefficient (R2) of 0.991, (p<0.01). 
The average annual headspace biogas flow was 110±24L/d based on the model using the average 
monthly water temperature.   
3.4.2.3 Methane 
 
 The gas phase methane production per cell, increased in each subsequent ABR cell, 
Figure 6. The data suggest that the amount of methane produced in an ABR is controllable by 
adjusting the number of cells and the HRT. The measured headspace concentrations of methane 
in the ABR increased from 55% in Cell 1 to 81% in Cell 4 with an overall average methane 
concentration of 72%. Psychrophilic anaerobic treatment often produces higher concentrations of 
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methane in the headspace (>70%) than mesophilic anaerobic processes (65 to 70%), due to the 
greater solubility of carbon dioxide at lower temperatures (Bogte et al. 1993, Draaijer et al. 1992, 
Martinez-Sosa et al. 2011, Tchobanoglous et al. 2003, Vieira and Souza 1986, Wang et al. 2004). 
An average annual gas phase methane production was estimated at 80±10L (STP)/d based on the 
72% methane concentration. 
 
Figure 3.6 Average gas phase methane production based on biogas flow measured for each cell 
and the measured methane fraction from January 2013 through July 2014. Error bars represent 
one standard deviation. 
 
 
  Dissolved methane was analyzed 8 times in the two years of operation and was used to 
estimate methane produced that remained in the dissolved phase based on headspace methane 
concentrations. The average dissolved methane concentration was oversaturated by a factor of 
1.33±0.26 compared to the expected values based on Henry’s constant, pressure and temperature. 
This resulted in 21±5 mg/L dissolved methane in the effluent, which was 39±10% of the total 
production. Dissolved methane has been reported to comprise 36 to >90% of the total methane 
produced in anaerobic pilot systems operating at <20˚C, as shown in Table 2. There were no 
obvious differences in HRT, temperature and upflow velocity for upflow reactors with the 
highest reported dissolved methane for the studies summarized in Table 2. The higher 


































issues may account for the differences. In AnMBRs treating real wastewater at temperatures 
<20˚C, dissolved methane was reported at 40 to 50% of the total production (Smith et al. 2013).  
In an anaerobic fluidized bed-fluidized membrane bioreactor 63% of the methane produced was 
in dissolved phase (Yoo et al. 2012, Bae et al. 2013).  




Dissolved methane removal from the ABR effluent is required to achieve the maximum energy 
value from the methane produced. If dissolved methane were to escape to the atmosphere, it 
would negate the benefit of energy positive treatment when evaluated in terms of green house 
gas emissions (Smith et al. 2014). Dissolved methane recovery is a challenge that needs to be 
overcome to fully utilize the produced methane. Physical methods for dissolved methane 
recovery include stripping or degassing membranes have been examined (Cookney et al., 2012, 
Bandara et al., 2011). Bandara et al. reduced dissolved methane concentrations from 26 mg/L 
CH4 to 4 mg CH4/L using membranes under 50 to 80kPa TMP. However, the produced methane 
could at most provide 0.3% of the energy required by the degassing system. Cookney et al. 
(2012) recovered 72% of dissolved methane through a degassing membrane using nitrogen 
sweep gas, reducing dissolved methane from 12 to 3 mg/L. However, the resulting gas contained 
only 0.03% methane, too dilute to use for energy generation. Current methods for methane 
recovery dilute the gas phase methane concentration due to the increase in other gases such as 
the sweep gas (e.g., N2), and may require more energy than is available from the recovered 
methane (Cookney et al., 2012, Bandara et al., 2011). It will be important to develop methane 
–
_____________________________________________________________ _______________________________ 
Reactor   HRT (h) Temp (°C) Vup (m/s) %CH4 Diss. References   
1m
3
 ABR  12  18  0.3  40  This Study 
0.34 m
3
 UASB  12  24-25  0.37  36  Souza et al. 2012 
0.34 m
3
 UASB  7  24-25  0.7  39  Souza et al. 2012 
14 m
3
 UASB  5  24-25  0.98  41  Souza et al. 2012 
0.004 m
3
 EGSB  9.4  16  1.2  45  Cookney et al. 2012 
0.002 m
3
 UASB* 4.7  13-25  --  40-65  Uemara and Harada 2000 
35 m
3
 UASB  3-7  18-21  0.7-1.8  75-87  Alvarez et al. 2003 
35 m
3
 UASB  5-19  14-20  0.28-1.11 >90  Alvarez et al. 2006 
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recovery methods that do not degrade the quality of the methane to below concentrations needed 
for energy recovery. 
 Alternatively, dissolved methane can be biologically oxidized in downstream processes. 
An extensive study on methane emissions from a conventional wastewater treatment plant with 
anaerobic digestion concluded 80% of the methane entering the aeration basins was biologically 
oxidized (Daelman et al., 2012). Hartley and Lant reduced dissolved methane losses to 5 to 11% 
of the total production through forced stripping during intermittent gas mixing and methane 
oxidation by the addition of up to 15% oxygen by volume (using air) in the headspace 
(microaeration) in the last chamber of an anaerobic migrating bed reactor (2006). Laboratory 
scale downflow hanging sponge reactors were demonstrated to remove up to 80 % of the 
dissolved methane from synthetic anaerobic reactor effluent while concurrently removing COD 
and ammonia (Matsuura et.al 2010, Hatamoto et al. 2011). The methane could also serve as a 
carbon source for heterotrophic denitrification in an anoxic-aerobic secondary biological process. 
Oxidation of methane in a downstream secondary treatment process wastes the energy potential 
and may still release some methane, a potent greenhouse gas with a global warming potential of 
25 CO2 equivalents. Coupling the ABR with anaerobic secondary treatment would increase the 
total methane in the secondary process where it then could be managed in the secondary effluent 
stream. 
 The ABR had increased methane concentration in each subsequent cell, consistent with 
reported performance in other ABR systems (Shanmugam and Akunna 2008, Wang et al. 2004). 
The higher concentrations of methane (55 to 81%) and correspondingly lower percentages of 
impurities (e.g., CO2) reduce the gas purification requirements necessary to utilize the methane 
produced in the ABR. Minimum methane concentrations of approximately 32 to 40% are 
required to supply energy generation equipment including combustion turbines, fuel cells, micro 
turbines, and reciprocating engines (EPRI, 2006). Utilities may select different uses for the 
biogas based upon quality, using lower concentrations of methane for boilers, and higher 
concentrations for purposes requiring further purification, such as compressed natural gas. The 
ABR gas with high concentrations of methane could be blended with gas containing lower 
methane concentrations recovered from dissolved methane to maximize the capture of useable 
fuel for energy generation.  
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3.4.2.4 Total Methane Production 
 
Total, gas phase and dissolved phase methane production are presented as a function of 
temperature in in Figure 7. The total amount of methane contained in the water phase was 
calculated to be relatively constant throughout the year, 50±11 L/d, based upon the dissolved 
methane analyses and water temperature. In contrast, the gas phase methane was highly 
temperature dependent. The temperature dependence of the net methane production was 
described by a linear equation with an R2 of 0.991 (p<0.01) (Figure 7). Based on the headspace 
gas phase and dissolved methane measurement, the overall methane production was 130±15 L/d 
(0.24L/g total COD removed), within the error of the projected value of 110±36 L/d based upon 
monthly average BODL removal.   
 In comparison, several studies report very low gas production under normal operating 
conditions (Alvarez et al. 2008, Alvarez et al. 2006, Alvarez et al. 2003, Mahmoud et al. 2004).  
Methane production ranging from 0.03 to 0.13 L/g COD removed has been reported for large 
scale pilots (Alvarez et al. 2008, Alvarez et al. 2003, Bogte et al. 1993 , Vieira and Garcia Jr 
1992). Halalsheh et al. (2005) reported methane production of 0.11 and 0.25 L/g COD removed 
at HRTs of 13 to 16 and 23 to 27 hours in a UASB system, respectively, at an average 
temperature of 18°C. Methane production in the ABR normalized to total COD removed yields 
0.24±0.17 L CH4 /g total COD removed, at the annual average temperature of 18°C. The 
relatively large standard deviation is attributed to the variability of influent COD concentrations 
and constant effluent concentrations.  Each cell contributed at least 20% of the total methane 
production (20 to 35% per cell.). Methane production after HRT = 6 hr. (Cell 2) was 41% of the 
total ABR methane production. If only two cells (HRT=6 hrs.) are considered, then lower 
methane yields, about 0.08 L/g total COD removed are observed. Methane production in UASB 
and ABR systems is a function of multiple variables (HRT, SRT, temperature, influent 
concentration, and loading). The ABR at a 12 hr. HRT produced more methane per gram of 
COD removed, than the large-scale pilot studies listed in Table 1.  
3.4.3 SRT and Solids Wasting 
SRT was calculated quarterly based on the mass of volatile solids in the reactor (core 
concentration time tank volume) and the mass of volatile solids leaving the system (average 
effluent VSS from the previous three months and flow). Volatile solids of the grease and scum 
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layer formed on the top of each cell above the effluent pipe were not included in the SRT 
calculation. The SRT on a volatile solids basis (mass of VS in system/mass of VS leaving the 
system) ranged from 23 days to 62 days. The lowest SRT occurred at the end of the summer 
when the temperature and biogas production was highest. A best-fit linear model for the decrease 
in SRT with temperature was SRT (d) = 111.7-3.9T (T in ˚C). SRT was moderately correlated to 
water temperature, R2 = 0.625 (p<0.05).  
 
Figure 3.7 Average monthly total gas phase and dissolved methane production versus water 
temperature for the Anaerobic Baffled Reactor system as a whole. 
 
Operational changes must be applied for durations greater than the SRT to determine 
their effect.  Often parameters such as HRT, and consequently OLR, are imposed for only 
fraction of the SRT (Alvarez et al. 2008, Alvarez et al. 2006, Alvarez et al. 2003, Vieira and 
Souza 1986).  This is insufficient to determine the long-term impact to solids balance. Elmitwalli 
et al. (1999) notes that although typical criteria for steady state had been met (10 times HRT with 
a minimum of 2 weeks, and effluent concentrations with a low percent standard deviation) steady 
state had not actually been achieved in UASB and hybrid anaerobic reactors. Only one large pilot 
study listed in Table 1, Halasheh et al. (2005) held HRT relatively constant for 180 days at an 
average temperature of 18°C, and reported SRT of 42 to 137d. As temperature varies seasonally, 
Figure'7'–'Average'monthly'total,'gas'phase'and'dissolved'phase'methane'produc9on'
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concurrent changes in HRT and OLR obfuscate the effect of temperature, which is critically 
important in temperate climates. The two-year period of ABR operations was the minimum 
needed to understand start-up variations and develop confidence in the relationships between 
operational variables and performance. 
No settled sludge was removed from the ABR during the two years of operation.  A 
number of factors contribute to the retention and digestion of organic solids in anaerobic 
reactors. Barros et al. (2008) and Bogte et al. (1993) reported no sludge wasting over two-year 
periods at lower temperature (12 to 14˚C). This was attributed to a low OLR, long hydraulic 
detention times (44 to 57 hours) and low methane production. Halalsheh et al. (2005) reported 
sludge wasting only after two years of reactor operation, with twice the influent COD 
concentration but similar influent TSS concentrations (396 mg/L) as the ABR. During operating 
scenarios with similar organic loading to the ABR and higher HRT, (OLR of 1.4 to 1.6kg 
COD/m3/d, HRT of 23 to 27 hrs., 18˚C), lower than expected TSS removals (41 to 55%) were 
reported. The modest OLR and long HRT should have been sufficient for > 80% efficient TSS 
removal but they were not, suggesting that some aspect of the physical design (e.g., flotation of 
solids by high gas production) may be hindering effective solids capture. Other studies report 
sludge wasting rates of about 20% of influent COD yielding a waste stream which requires 
further treatment (Vieira and Garcia 1992, Alvarez et. al. 2003, Alvarez et. al. 2008). Alvarez et 
al. (2006) and Vieira and Garcia (1992) reported no excess sludge removal in large pilot studies, 
but attributed some (unquantified) sludge loss to washout. No sludge was wasted from the ABR, 
and washout did not occur, yet it achieved an 83% TSS removal, with only a 12 hour HRT. 
Sludge washout is more likely to occur in a UASB than an ABR, as the UASB consists of only a 
single compartment, whereas the multiple sequential cells of the ABR are better able to retain 
solids.   While UASBs often require solids wasting and management, the ABR is able to achieve 
a high TSS removal with no waste solids and a smaller footprint.  
3.4.4 Energy Balance 
The ABR total methane energy content was 0.45 kWh/m3 of wastewater flow. The 
electrical energy potential (assuming 32% electrical conversion efficiency) of the ABR gas phase 
methane was 0.15 kWh/m3 of wastewater flow (based on 0.222 kWh/mol methane, Kim et al. 
2011) and 0.24 kWh/m3 for the combined gaseous and dissolved methane. Yoo et al. (2012) 
estimated a lower total electrical energy potential from methane production at 0.08 kWh/m3 
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(based on 33% conversion efficiency) in a two stage anaerobic fluidized bed-membrane 
bioreactor (SAF-MBR) treating primary clarifier effluent at 25°C.  However, the theoretical 
energy demand of the system reduced the net energy generation to 0.04 kWh/m3.   In a 
subsequent study with the SAF-MBR, Bae et al. (2012) used filtered wastewater (1mm and 
10m) at 25°C. Under these conditions the system produced an electrical energy potential of 0.1 
kWh/m3. The estimated 0.05 kWh/m3 energy demand of the system (not including filtration) was 
not satisfied by 0.03 kWh/m3 potential of the gas phase methane production, but could be 
satisfied if the dissolved methane were captured. The calculated electrical energy potential from 
an expanded granular sludge bed reactor (EGSB) based on methane produced was 0.13 kWh/m3 
(adjusted to 32% conversion efficiency and based on 0.222kWh/mol methane), while the energy 
input for fluidization of the sludge bed was not estimated (Cookney et al. 2012). In comparison, 
UASB and ABR reactors do not require energy input, the driving force is only the hydraulic head 
as the water passes through the system. The net electrical energy production potential per unit of 
COD removed for wastewater treatment in UASBs and ABRs is higher than anaerobic MBR and 
EGSB configurations. UASBs and ABRs are able to capture the energy in the particulate BOD in 
unsettled wastewater at ambient temperature, without energy input. 
The ABR effluent suspended solids and organic concentrations do not meet secondary 
treatment standards (<30 mg/L TSS and BOD5). Secondary treatment of the ABR effluent could 
be accomplished aerobically (e.g., activated sludge) or anaerobically (e.g., anaerobic membrane 
bioreactor, AnMBR). The typical energy cost for activated sludge aeration is 0.2 to 0.4 kWh/m3 
(Tchobanoglous et al. 2003), which negates the energy positive advantage of the ABR. AnMBR 
are a rapidly evolving technology which exceed secondary effluent standards, achieving  > 85% 
COD removal and 100% TSS removal (Martinez-Sosa et al. 2011, Calderon et al. 2011, Lew et 
al. 2009). Membranes may be configured by immersion in the bioreactor or external to it. 
Immersed membranes maintain flux rates by utilize cleaning strategies such as backflushing, 
biogas sparging or media scouring; external membranes utilize a recirculation rate sufficient to 
provide cross-flow velocities that scour the membrane surface (Smith et al. 2012, Skouteris et al. 
2012, Yoo et al. 2012, Bae et al. 2013). Biogas sparging exerts a large fraction of the energy 
demand of the AnMBR system, in one analysis calculated to be 86% of total demand (Smith et 
al. 2014). Lew et al. (2009) used an UASB and an external dead-end membrane with only 
backflushing for fouling control, thereby requiring less energy, however there was a positive 
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relationship between influent particulates and fouling rate, emphasizing the need for primary 
treatment for solids removal.  
AnMBR are typically configured with upstream primary treatment to reduce solids, 
(Gimenez et al. 2012, Martinez-Sosa 2011), ideal to enable a two-stage anaerobic system. 
Currently no full-scale application of AnMBR technology is known, and large pilot scale studies 
using domestic wastewater are limited (Gimenez et al. 2012, Calderon et al. 2011). 
Improvements in fouling control are required before AnMBRs become an energy positive 
technology and extensive research is ongoing in this area (Batstone and Virdis 2014, Skouteris et 
al. 2012, Smith et al. 2012). An ABR followed by an anaerobic MBR could achieve secondary 
treatment with methane production in both primary and secondary treatment units. Solids wasted 
from the AnMBR could be recycled back to the ABR, and potentially eliminate the need for 
downstream aeration and the resulting waste solids.  
3.4.5 Nitrogen and Phosphorus Removal 
Anaerobic reactors do not removal nitrogen and phosphorus and typically increase the 
amount in the soluble phase from solids hydrolysis. Nitrogen is typically removed from the 
mainstream wastewater through aerobic energy intensive activated sludge processes, which 
maximize cell yield and thus waste sludge. Ammonia is converted to nitrogen gas through 
aerobic autotrophic nitrification and anoxic carbon-dependent denitrification. Depending on the 
influent COD to nitrogen ratio, facilities may add supplemental carbon, or divert carbon from 
methanogenic processes to enhance denitrification and achieve low effluent total nitrogen levels. 
Alternative nitrogen removal strategies exist where little aeration and no organic carbon is 
required. These approaches include nitritation coupled with anammox, algal, and plant based 
systems.  
Autotrophic nitrogen removal results in significant reductions in aeration costs and 
sludge production furthering the parallel goals of high effluent quality and energy efficient 
treatment. Mulder (2003) estimated that autotrophic N removal requires 60% less energy and 
produces 90% less sludge than activated sludge. In contrast to conventional full 
nitrification/heterotrophic denitrification processes, autotrophic nitrogen removal, which 
combines nitrite with ammonia to form di-nitrogen gas, requires upstream COD reduction to 
inhibit heterotrophic denitritation. Several studies have supported the benefit of reducing the 
COD/N ratio to inhibit heterotrophic denitritation. Zhang et al. (2015) compared differing ratios 
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of COD/N on the nitrogen removal efficiency of an autotrophic N removal MBR, and found 
optimal removal at COD/N ratios of 1.7 or less, achieving 80% TN removal. Kwak et al. (2012) 
achieved >90% total nitrogen removal with virtually no additional of organic carbon. Lower TIN 
removal of 57% was achieved in a study with a COD/N ratio of 6.7 (Regmi et al. 2012). 
Anaerobic pretreatment of wastewater enhances total nitrogen removal in subsequent processes 
utilizing autotrophic nitrogen removal. 
Mainstream nitrogen and phosphorus co-removal may be achieved in algal or plants 
systems. Algal and plant systems take up nitrogen and phosphorus for growth, which are then 
removed through the harvesting of the biomass. The biomass can be used for animal feed or the 
generation of biofuels. Low energy algal systems require large surface areas (50 times higher 
than activated sludge) and minimal depth (0.1 to 0.2 m) to allow for light penetration (Park et al. 
2011) and the algae concentration must be increased in a separate process step for economic 
utilization. An ABR treating municipal wastewater followed by a duckweed pond with an HRT 
of 15 days and 0.54 m depth, achieved 73% removal of nitrogen and 65% removal of phosphorus 
(Nasr, 2009). However, the effluent ammonia and phosphorus concentrations of 8 and 3 mg/L 
respectively are above stringent total nitrogen and phosphorus discharge limits anticipated as a 
result of Colorado Water Quality Control Commission Regulation 85. Algal and plant systems 
may be an excellent technology for small systems with suitable climate, land availability and less 
stringent discharge limits. 
The footprint of algal systems may be reduced by the input of power and increasing the 
exposed surface to volume ratio. Tubular photobioreactors have been used to grow microalgae 
and the use of a stacked vertical configuration of tubes creates a compact system (Abdel-Raouf 
et al. 2012). However, the control of the liquid velocity, gas flow (CO2 and O2) and management 
of the biomass increases the complexity and expense of the photobioreactor. 
Phosphorus removal, in mainstream treatment, is typically through enhanced biological 
uptake (EBPR) in an activated sludge process or chemical precipitation. Activated sludge 
scenarios for EBPR use a sequence of anaerobic and aerobic conditions with a requirement of 
specific influent organic acids. Prefermentation reactors or organic acid addition are sometimes 
required for effective P removal. Carbon would need to be diverted from methanogenesis to 
promote the growth of phosphorus accumulating organics. Chemical phosphorus precipitation in 
the mainstream has been limited to the application of metal salts (Al, Ca or Fe) and disposal with 
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the biosolids or separately using a tertiary process. Typical phosphorus concentrations in the 
mainstream (4 – 12 mg/L, Tchobanoglous et al. 2003) are too low for economic recovery but 
chemical precipitation is able to reduced phosphorus to below 0.02 mg/L.  
The trend in environmental regulations of more stringent limits on the discharge of 
nitrogen and consideration of carbon footprint will motivate the adoption of autotrophic nitrogen 
removal mainstream treatment. Anaerobic primary and secondary treatment processes manage 
the wastewater carbon and nitrogen to produce an ideal feed for this energy and resource 
efficient technology. 
3.5 Conclusions 
A pilot-scale ABR was operated for more than two years to treat raw wastewater at water 
temperatures ranging from 12 to 23˚C. The ABR exceeded the goal of meeting conventional 
primary treatment removals; removals of 83±10% TSS, 43±15 % COD and 47 ±15 % BOD5 
were observed. The ABR exceeded expectations on the amount of settled solids wasted from the 
system. No settled sludge was wasted from the reactor over two years of operation.  In addition, 
the ABR produced stoichiometric amounts of methane expected with the observed BOD5 
removal. Thus, the ABR can be implemented in place of a primary clarifier with mesophilic 
anaerobic digester and achieve the same treatment outcomes in a single unit process at ambient 
temperature. While methane production was highly temperature dependent, COD and TSS 
removal rates were not, and correlated more strongly to influent concentration. The anaerobic 
baffled reactor is a simple technology that is effective at low temperatures while producing 
methane. The ABR does not require input of energy or chemical for treatment and thus all the 
energy potential produced is in excess of the operational requirements.  
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MICROBIAL STRUCTURE AND FUNCTION IN AN ANAEROBIC BAFFLED REACTOR 
TREATING RAW DOMESTIC WASTEWATER 
4  
Based on a paper published in the Proceedings of the Water Environment Federation4 
Martha J. Hahn5,6,6, Linda A. Figueroa2, Junko Munakata Marr
2, Supaporn Phanwilai4, Pongsak 
(Lek) Noophan4, Akihiko Terada5 
4.1 Abstract  
Domestic wastewater contains chemical energy that is wasted in conventional aerobic 
treatment schemes. A four-cell 1000-liter anaerobic baffled reactor (ABR) operated for two years 
treating raw municipal wastewater at ambient water temperatures (≈10-20˚C) in Colorado exceed 
primary treatment goals and produced stoichiometric amounts of methane. Performance 
parameters measured included organic matter (COD), suspended solids (TSS), organic acids, and 
gas production. The microbial community structure and putative function of suspended solids 
collected from each cell were assessed using qPCR and DGGE with sequencing. Concentrations 
of prokaryote copy numbers normalized to DNA declined relative to the seed sludge and stable 
values were not achieved until after one year of operation. The relative abundance of 
methanogens was higher during the second year of operation and was correlated with lower 
effluent acetate and length of operation. Acetoclastic methanogens were dominant in the last two 
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cells at 70% of the identified methanogen abundance. The community structure and function 
stabilized after one year of operations for mainstream anaerobic wastewater at low temperatures. 
Pilot studies should operate for at least two years to develop performance and design metrics 
4.2 Introduction 
Mesophilic anaerobic treatment is commonly used to reduce organic load to municipal 
and industrial wastewater treatment plants through the treatment of concentrated waste streams. 
The lower organic strength of raw municipal wastewater does not provide sufficient energy to 
raise the water temperature above ambient conditions.  Application of mainstream anaerobic 
treatment is currently limited to warm climates, where ambient water temperatures are generally 
at or above 20°C. (Giraldo et al. 2007). In North America, with its temperate climate, the 
application of mainstream anaerobic treatment of raw municipal wastewater at ambient 
temperature has not been demonstrated. Anaerobic baffled reactors (ABRs) have demonstrated 
efficient solids capture and organics (COD) removal (Bodkhe et al. 2009, Foxon et al. 2004).  
ABRs are a sequential upflow reactor technology, similar to a series of upflow anaerobic sludge 
blanket (UASB) reactors (Bachmann et al. 1985, Grobicki and Stuckey 1990).  The ABR differs 
from the UASB in that solids are more effectively retained, resulting in a longer solids retention 
time (SRT). At lower temperature, this facilitates increased retention time for hydrolysis of 
particulate organic material. The ABR is a simple technology that can be implemented at the 
front end of a facility, and if located within the hydraulic profile of the facility, has no moving 
parts and no energy demand (Grobicki and Stuckey 1990). Mainstream anaerobic treatment can 
replace the capital-intensive conventional primary clarifier+sludge thickener+mesophilic digester 
treatment scheme often used at larger wastewater treatment plants, with a simple reactor and 
reduced digester requirements, allowing the technology to be implemented at smaller facilities 
(Jordao et al. 2009, Giraldo et al. 2007). 
The sequential nature of the ABR provides spatial separation of zones with increasing 
hydraulic residence time. The spatial separation may allow specialization of the microbial 
communities that inhabit each cell of the ABR, analogous to a two-stage digester approach, but 
with more community overlap and production of methane expected in all cells. Methane is 
produced from a limited number of electron donors. The vast majority of methane is produced 
through the fermentation of acetate and through the reduction of carbon dioxide with hydrogen 
as the electron donor (Ferry, 1992).  
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A two-year pilot study was conducted to determine the treatment efficiency of suspended solids 
and COD removal and methane production. To improve understanding of microbial dynamics 
for model development and potential diagnostic tools, selected molecular microbial analyses 
were used. The relative gene abundances of bacteria and archaea and methanogens were 
measured in each of the ABR cells and the relationship to conventional performance parameters 
was examined. The spatial diversity of methanogens was examined qualitatively. 
4.3 Materials and Methods 
Plum Creek Water Reclamation Authority (PCWRA) is a municipal wastewater 
reclamation facility located near Denver, Colorado. The pilot ABR was operated at ambient 
temperature for two years, treating 1.2 L/min or 1,728 liters per day of screened (8mm) and 
degritted municipal wastewater. 
 
Figure 4.1 Flow and monitoring schematic of the pilot scale Anaerobic Baffled Reactor at the 
Plum Creek Water Reclamation Authority wastewater treatment facility. 
 
The ABR had a total volume of 1,000 L, and a hydraulic volume of 869 L. The ABR, 
shown in Figure 1, consisted of four sequential cells, each 0.457 m square and 1.22 m tall. Each 
cell had a hydraulic residence time of approximately 3 hours.  Wastewater was introduced to the 
ABR downstream of grit removal. A grinder sump pump located in the plant influent channel 
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pumped wastewater to a 910 L tank. The tank was mixed and operated to maintain a maximum 
detention time of 15 minutes. Second, a Watson Marlow peristaltic pump fed influent wastewater 
from the 910 L tank through a 2 inch PVC downcomer pipe to the bottom of the first cell of the 
ABR.  
The wastewater flowed upward through a sludge blanket in Cell 1, and then through a 
clarified zone, to the effluent pipe located near the top of the cell, but below the water surface. 
Water exited the cell and flowed through a downcomer pipe to the bottom of Cell 2. This flow 
pattern was repeated for Cells 3 and 4. The flow rate to the ABR was maintained at a constant 
1.2 L/min, resulting in an upflow velocity of 0.36 m/h. The reactor was seeded with granular 
sludge from a mesophilic UASB receiving brewing waste and began operating in June 2012.    
4.3.1 Data Analyses 
Grab samples were collected from the ABR influent and the effluent of each cell. Data 
were collected on temperature, pH, suspended solids, COD, dissolved COD (dCOD), BOD5, 
acetate, alkalinity, and gas production. Influent temperature was logged with a submersible 
HOBO Temp Pro V2 temperature logger. pH data was collected with Broadly James pH Process 
Probes.  TSS, VSS, alkalinity, COD, dissolved COD, and BOD5 analyses were conducted 
according to Standard Methods (APHA 2005). Gas flow was measured with Cole Parmer 0 to 
500 SSCM gas flow meters. Gas samples were collected from the headspace of each cell. Biogas 
analyses were conducted on a Shimadzu GC-17A and a Shimadzu GC-8A with TCD detectors 
and a HayeSep Q 80/100 column with UHP helium carrier gas at 30 mL/min. Samples and 
standards were manually injected using a 1 mL gas tight syringe. Volatile acids were analyzed on 
a HP Agilent 1100  HPLC with Aminex HPX-37 column (Biorad, Hercules CA), with 0.01N 
H3PO4 eluent at 0.6 ml/min at 40°C.  
Quarterly, several 3.8 cm core samples were collected from each cell and composited to 
determine solids accumulation. These samples provided substrate for real time PCR (qPCR) for 
methanogens, and universal bacteria and archaea as well as template for PCR-DGGE for 
archaea.  
DNA was extracted using MO BIO Power Soil kit (MO BIO, Carlsbad CA), according to 
the manufacturer’s instructions. To quantify methanogens, methyl coenzyme reductase, subunit 
alpha (mcrA) genes were amplified using the primer set mlas/mcrA-rev (Steinberg and Regan 
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2009).  The 16S rRNA gene primer set Pro341F/Pro806R (Takahashi et al. 2014) was used to 
quantify the total number of archaea and bacteria.   
Amplification of real-time PCR products was carried out in triplicate with a C100TM Thermal 
Cycler (BioRad Laboratories, Hercules, CA, USA) in a reaction mixture of 20 µL containing: 10 
µL of PerfeCTaSYBR Green Supermix (Quanta Biosciences), 1 µL each primer (10 µM each) 
for mlas/mcrA, or Pro341F/Pro806R, 7 µL nuclease-free water, and 2 µL template DNA. The 
real-time PCR conditions for detection of the functional gene mcrA, and 16S rRNA gene were 
adapted from Steinberg and Regan (2009) and Takahashi et al. (2014). Specificity of  each gene 
amplicon was confirmed by melt curve analysis (55°C to 95°C with acquisition every 0.5°C). A 
standard curve was generated through a set of dilutions of known concentrations generated from  
Methanosarcina mazei for mcrA, or  Halobacterium cutirubrum for Pro341F/806R.  
PCR amplification of the archaeal group was performed using 16S rRNA gene primer 
Arc344F-GC/Arc915R (Raskin et al. 1994, Muyzer et al. 1993). Each 50 µL of PCR reaction 
mixture contained 2µL of template DNA, 5 µL of 10x ExTaq buffer, 5 µL of 2.5 mM dNTP Mix, 
1 µL of 10 µmol L-1 each primer, 0.25 µL of  5u/mLTaKaRa Extaq ® and 36.8 µL of sterilized 
Milli-Q water.  DGGE, based on the protocol of Muyzer et al. (1993), was performed using the 
DCodeTM Prokaryote Mutation Detection System (BioRad, Hercules, CA, USA. The DGGE gel 
(8% w/v) poly acrylamide and a denaturing gradient ranging from 45-65% for the archaeal group 
were applied to separate 16S rRNA fragments. Images were acquired using UV Transilluminator 
AlphaImager Mini Unit (Cell Biosciences, Santa Clara, CA). DNA was extracted from the 
excised gel cubes using a TaKaRa Ex Tag® (Takara Biotechnology, Dalian, Japan). Purified 
PCR products were used as template DNA in a cycle sequencing reaction with a Wizard® SVGel 
and PCR Clean–up System (Promega, WI, USA). Sequences were blasted on the NCBI database 
(Zheng et al. 2000).  
4.4 Results & Discussion 
4.4.1 Reactor Performance 
The average influent concentrations and standard deviations for COD, TSS, and VSS 
were 760±190 mg/L, 510±400 mg/L, and 90±40mg/L respectively. Water temperature ranged 
from 12-23°C. ABR effluent water quality and the effect of temperature and HRT for August 
2012-July 2014 have been reported elsewhere (Hahn and Figueroa, 2015). The ABR was 
 42 
effective at reducing COD (43±15%) and TSS (83±10%). The reactor as a whole produced 
methane at an average of 130±15 L/d.  
The influent dCOD concentration was 170 ±40mg/L.  On average, dissolved COD increased 
through Cell 3 and decreased in Cell 4. Effluent total COD was constant over the two years of 
operation, however, dCOD differed significantly between Year 1 and Year 2 (p<0.05), with Year 
1 effluent dCOD=280±45 mg/L, and Year 2 dCOD=200±20mg/L. 
Influent acetate averaged 21 ±10 mg/L. Acetate concentration increased through Cells 1, 
2, and 3 and dropped in Cell 4, Again, the difference between Year 1 and Year 2 was significant 
(p<0.05).  Effluent acetate in Year 1 averaged 60±20mg/L and Year 2 averaged 30±10mg/L 
acetate.  
4.4.2 Microbial Data 
The original seed sludge material contained 1.60x109 prokaryote copies/ng DNA and 
6.3x105 mcrA copies/ng DNA.  The average of Cells 1-4 bacteria and archaea 16S gene 
copies/ng DNA declined throughout the entire first year of operation while the average of Cells 
1-4  mcrA gene copies/ng DNA were stable, as shown in Figures 2 and 3. The bacteria and 
archaea 16S gene copy numbers in Year 1 and Year 2 were significantly different (p<0.05), 






Figure 4.2 Relative amount of eubacteria over two years of operation; estimated by average 




Figure 4.3 Relative amount of methanogen over two years of operation; estimated by average 
mcrA copy number per ng DNA extracted versus time of Anaerobic Baffled Reactor operation. 
 










For the reactor as a whole, the relative gene abundance of mcrA compared to bacteria and 
archaea increased over time.  The relative gene abundance of mcrA, shown in Figure 4, ranged 
from 1.0x10-4 to 9.8x10-4.The increase was due to a decrease in bacteria and archaea16S gene 
copy numbers with relatively constant mcrA gene copy numbers per ng of DNA. The difference 
between Year 1 and Year 2 is significant (p<0.05). The data suggest that at least one year is 
required for microbial community proportions to stabilize in anaerobic mainstream systems with 




Figure 4.4 Relative gene abundance of methanogen over time; estimated by average mcrA copy 
number relative to total eubacteria and archaea copy numbers versus time of Anaerobic Baffled 
Reactor operation. 
 
The quantitative qPCR results were compared to effluent concentrations of acetate, 
dCOD, and VSS, length of operation, average reactor VSS, temperature and methane production, 
with the square of the Pearson product moment correlation coefficient as shown in Table 1.  The 
prokaryote copies/ng DNA and effluent dCOD and acetate, shown in Figure 5, resulted in the 
highest correlations. The mcrA gene copies/ng DNA showed poor correlations to all parameters, 
with R2 ≤ 0.35. Relative gene abundance has been considered a better metric than absolute 





abundance showed no correlation to temperature, weak correlations to effluent  and reactor VSS 
(R2 ≤0.5),  and moderate correlations to the other parameters (R2 > 0.5). Lower relative gene 
abundance corresponds to higher effluent dCOD and acetate, while at relative abundance greater 
than 5x10-4, acetate and dCOD concentrations appear stable, as shown in Figure 6.  
 
Table 4.1 Correlation coefficient R2 for the comparison of microbial concentration measures to 






Figure 4.5 Relative gene abundance of methanogen over time; estimated by average mcrA copy 








Figure 4.6 Relative gene abundance of methanogens (mcrA) in the Anaerobic Baffled Reactor 
versus effluent acetate and dissolved COD concentrations. 
 
The length of time required to achieve stable concentrations of prokaryotes was longer 
than the duration of many studies on low temperature anaerobic treatment, which suggests that 
other low temperature studies may not have been operated for sufficient time to provide 
confidence in scale-up and design (Uemura and Harada, 2000; Bialek et al. 2011; Martinez-Sosa 
et al. 2011).   
Separation of the PCR products by DGGE resulted in 24 sequences which were grouped 
into 13 nearest neighbors. The nearest neighbors with known substrates are listed in Table 2. The 
percentage of species by order found in each cell is shown in Figure 7. The original seed sludge 
contained high numbers of hydrogenotrophic species. Methanosarcina were the next most 
abundant species identified in the seed sludge. It also contained Methanobacterium petrolaerium, 
but this microorganism was not identified in any other sample. Interestingly, the seed sludge, and 
several other samples contained a microorganism with 100% similarity to Halobacterium 






Table 4.2 Nearest neighbors resulting from DGGE separation and sequencing of the Anaerobic 
Baffled Reactor samples. 
 
 
The most commonly detected hydrogenotrophic organisms were associated with 
Methanobacterium beijingese, at 95-98% similarity. M. beijingese has been idenitifed in 
anaerobic reactors treating municipal wastewater (Bandara et al. 2012, Bialek et al. 2011). Other 
hydrogenotrophic species were similar to Methanospirillum hungatei (92%) and 
Methanospirillum lacunae (92%), and Methanolinea tarda (91%). 
Many acetoclastic organisms were associated with Methanosaeta concilii, with 87-99% 
similarity. Methanosarcina species were dominated by strain JM-1 at 99-100% similarity.  Other 
Methanosarcina species consisted of Methanosarcina kolksee (95-100%), Methansarcina 
barkeri (95%), and Methanosarcina M37 (90%). Cells 1 and 2 contained the highest number of 
 48 




Figure 4.7 Percentages of methanogens by orders as identified through DGGE and sequencing. 
Methanosaeta and Methanosarcina as indicators of acetoclastic metabolism and 
Methanobacteriales and Methanomicrobiales as indicators of hydrogenotrophic metabolism.  
 
4.5 Summary and Implications  
The ABR maintained consistent levels of mcrA copies/ng DNA after the first 6 months of 
operation. However, there were significant differences between Year 1 and Year 2 in terms of 
the number of prokaryote copies /ng DNA, and the performance indicators of effluent dissolved 
COD and acetate.  The decrease in prokaryote concentration over the first year paralleled the 
decrease in the effluent acetate and dCOD. The relative abundance of methanogens increased in 
the second year, primarily due to the decrease in prokaryote concentrations. A greater number of 
hydrogenotrophic species were present in Cells 1and 2 and more acetaclastic species were 
present in Cells 3 and 4.  
 The community structure and function stabilized after one year of operations for 
mainstream anaerobic wastewater at low temperatures. Pilot studies should operate for at least 
two years to develop performance and design metrics. 
 
Figure 4.7 Percentages of methanogens by orders as identified through DGGE and sequencing. 
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The microbial community structure based on qPCR was not strongly correlated to conventional 
performance parameters. The use of DNA based primers may have clouded the relationship with 
performance parameters by identification of inactive archaea and bacteria. The use of RNA-
based methods, such as reverse transcription PCR, that target active microbes, may provide 
better insight into the relationship of methanogens with ABR performance and their distribution 
throughout the reactor.  The use of molecular methods that target active cells is important to 
support model calibration and the development of diagnostic tools. 
4.6 Acknowledgments 
We are most grateful to the Plum Creek Water Reclamation Authority for their generous 
support. Support for this work was provided in part by the U.S. National Science Foundation 
Engineering Research Center for Reinventing the Nation’s Urban Water Infrastructure 
(ReNUWIt) (Award No. EEC-1028968).  
 50 
5 CHAPTER 5 
6 PROJECT SUMMARY AND FUTURE DIRECTIONS 
5.1 Summary 
 
A number of assertions were made in the previous chapters that are key to framing the 
importance of this dissertation. The summary statements are present below in bulleted format. 
 
 The chemical energy in domestic wastewater is predominantly wasted in the 
current treatment paradigm. 
 
 Anaerobic digestion of the biosolids provides only partial capture of the chemical 
energy value. 
 
 Anaerobic mainstream treatment of raw municipal wastewater has the potential to 
be energy positive. 
 
 Direct anaerobic treatment of raw wastewater with methane generation has been 
used in tropical and subtropical climates. 
 
 Little information is available on anaerobic primary treatment with methane 
generation from raw domestic wastewater at psychrophilic temperatures. 
 
 Anaerobic baffled reactors are an attractive primary treatment process because the 
multiple sequential chambers effectively decouple hydraulic and solids residence 
times to provide long solids residence times needed. 
 
 Spatial separation created in anaerobic baffled reactors results in zones on 
increasing residence time will facilitate the specialization of the microbial 
community inhabiting each chamber.  
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 Long-term performance information on anaerobic primary treatment of raw 





The results presented in chapters 3 and 4 support the conclusions bulleted below. 
  A pilot-scale anaerobic baffled reactor was capable of exceeding primary treatment 
goals at temperature ranging from 12-  ˚C. 
 
 No solid wasting was needed over the two-year operating period suggesting that the 
amount of influent inert inorganic and organic matter collection anticipated based 
on the aerobic activated sludge paradigm are not appropriate. 
 
 The anaerobic baffled reactor required no energy input and thus all of the energy 
potential produced is in excess of operational requirements. 
 
 The anaerobic baffled reactor can take the place of a primary clarifier coupled to a 
mesophilic anaerobic digester and produce more net energy. 
 
 The community structure and function in the anaerobic baffled reactor stabilized 
after one year of operation. This suggests that at least two years of operation is 
needed to develop performance and design metrics. 
 
5.3 Future research recommendations 
 
The conclusions presented above were supported by the two-year data set for a single wastewater 
source and reactor system. Fully understanding the system potential and the robustness of the 
process will require future efforts that are listed below. 
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 It is important to test the anaerobic baffled reactor system on different wastewater 
sources. Differences and variations in organic matter and solid composition and 
concentrations along with water temperature are expected to affect the reactor 
performance. It will be critical for technology adoption to demonstrate process 
robustness over a wide range of environmental conditions. 
 
 The anaerobic baffled reactor (ABR) exceeded primary treatment goals. Achieving 
energy positive wastewater treatment is possible by coupling a low energy 
anaerobic secondary treatment process such as expanded bed granular reactor or 
an anaerobic fixed film reactor.  
 
 Carbon diversion by anaerobic mainstream treatment sets up a scenario of a 
wastewater stream low in carbon and containing nitrogen and phosphorus 
concentration near the influent values. New strategies of nutrient removal are 
needed to cost effectively address nutrient removal without carbon. Treating the 
anaerobic effluent with a membrane process for water reuse will produce a 
concentrate that can be treated by struvite precipitation for phosphorus recovery 
followed by deammonification which has the potential to be very cost effect. 
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